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Abstract 
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P e r i o d i c  c r u s t a l  deformation a s s o c i a t e d  w i t h  r epea ted  s t r i k e  

s l i p  ear thquakes  i s  computed f o r  t h e  fo l lowing  model: A depth L 

(3) ex tend ing  downward from t h e  E a r t h ' s  surface a t  a t r ans fo rm 
boundary between uniform e l a s t i c  l i t h o s p h e r i c  p l a t e s  of t h i ckness  H 
i s  locked between ear thquakes.  I t  s l i p s  an amount c o n s i s t e n t  w i t h  

remote p l a t e  v e l o c i t y  Vpl a f t e r  each l a p s e  of ear thquake cycle t i m e  
Tcy .  Lower p o r t i o n s  of t h e  f a u l t  zone a t  t h e  boundary s l i p  
con t inuous ly  so  as t o  maintain c o n s t a n t  r e s i s t i v e  s h e a r  stress.  
The p l a t e s  are coupled a t  their  base  t o  a Maxwellian v i s c o e l a s t i c  
a s t h e n o s p h e r e  through which s t e a d y  deep-sea ted  mant le  motions,  
compat ib le  w i t h  p l a t e  v e l o c i t y ,  are t r a n s m i t t e d  t o  t h e  s u r f a c e  
p l a t e s .  The c o u p l i n g  i s  d e s c r i b e d  a p p r o x i m a t e l y  t h r o u g h  a 
g e n e r a l i z e d  Elsasser model. We argue  t h a t  t h e  model g i v e s  a more 
r ea l i s t i c  p h y s i c a l  d e s c r i p t i o n  of t e c t o n i c  loading ,  i n c l u d i n g  the  

t i m e  dependence of deep s l i p  and c r u s t a l  stress build-up throughout  
t h e  ea r thquake  cyc le ,  t h a n  do s imple r  k i n e m a t i c  models i n  which 

load ing  is r ep resen ted  a s  imposed uniform d i s l o c a t i o n  s l i p  on t h e  
f a u l t  below the  locked zone. Parameters of  t he  model are chosen i n  
accordance wi th  seismic and geo log ic  c o n s t r a i n t s  and t o  f i t  t h e  

a p p a r e n t  t ime-dependence, th roughout  t h e  ea r thquake  c y c l e ,  of 
s u r f a c e  s t r a i n  rates a long  p r e s e n t l y  locked traces of t h e  1857 and 
1 9 0 6  San Andreas r u p t u r e s .  We f i n d  t h a t  p r e d i c t i o n  based on t h e  
r e s u l t i n g  parameters  compare reasonably t o  d a t a  on v a r i a t i o n s  of 
contemporary s u r f a c e  s t r a i n  and displacement  rates as a func t ion  of 
d i s t a n c e  from t h e  1857 and 1 9 0 6  r u p t u r e  traces, a l though the  d a t a  
i s  g e n e r a l l y  a f f e c t e d  by asymmetry r e l a t i v e  t o  t h e  f a u l t  and by 

160 y r  and L = 9 t o  11 km as a r e p r e s e n t a t i v e  ear thquake nuc lea t ion  
dep th  w i t h  a 2 km al lowance f o r  p o s s i b l e  upward motion of  t h e  
locked zone border  dur ing  t h e  ear thquake cycle. W e  t hen  f i n d  t h a t  

t he  geode t i c  d a t a  i s  desc r ibed  reasonably,  w i th in  t h e  contex t  of a 

a d j a c e n t  f a u l t  s t r a n d s .  S p e c i f i c a l l y ,  w e  f i x  Vpl = 35 mm/yr, T,, - - 
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model that is locally uniform along strike and symmetric about a 
single San Andreas fault strand, by lithosphere thickness H = 17 to 
25 km and Elsasser relaxation time t, = 10 to 16 yr. We conclude 
that the asthenosphere appropriate to describe crustal deformation 
on the earthquake cycle time scale lies in the lower crust and 
perhaps crust-mantle transition zone, and has an effective 
viscosity between about 2 x lo1* and lo1’ Pa-s, depending on the 
thickness assigned to the asthenospheric layer. 
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t roduct  ion 

The n o r t h e r n  p a r t  of the  San Andreas f a u l t  i n  C a l i f o r n i a  w a s  
l a s t  broken  by t h e  great 1906 e a r t h q u a k e  r u p t u r i n g  a 450 k m  

segment. T h e  southern  p a r t  was broken l a s t  i n  1857 wi th  a r u p t u r e  
l e n g t h  of 350 km. Both of these f a u l t  segments have been locked 
s i n c e  t h e i r  l a s t  ear thquake ,  w i th  a t t e n d a n t  s t r a i n  accumula t ion  
over t i m e .  These locked  segments are c h a r a c t e r i z e d  by l o w  l e v e l s  
of s e i s m i c i t y  (see e.g. ,  Carlson e t  a l ,  1 9 7 9 ) .  I n  c o n t r a s t ,  the  

San Andreas f a u l t  i n  c e n t r a l  C a l i f o r n i a  appea r s  t o  be c reep ing  so 
t h a t  no long t e r m  s t r a i n  accumulations occur s .  

The n a t u r e  'of s t r a i n  accumula t ion  a t  a s t r i k e  s l i p  p l a t e  
boundary h a s  been d i s c u s s e d  by v a r i o u s  a u t h o r s .  I n  g e n e r a l ,  t h e  

s t r a i n  rates are elevated nea r  the  f a u l t  and t h i s  i s  presumed t o  be 

- d u e  t o  deep aseismic s l i p  or d i s t r i b u t e d  shear f l o w  a l o n g  t h e  

downward c o n t i n u a t i o n  of t h e  f a u l t  p l a n e .  T h e  n e a r  s u r f a c e  f a u l t  
l ock ing  and deep aseismic deformation i s  thought  t o  be a r e s u l t  of 
material p r o p e r t y  c o n t r a s t s .  Near s u r f a c e ,  t h e  f a u l t  may g e n e r a l l y  
be c h a r a c t e r i z e d  as e las t ic  and b r i t t l e .  A t  greater depth ,  t he  

mater ia l  may be undergoing  p l a s t i c  shear f l o w  due t o  t h e  h i g h  
tempera ture  and p r e s s u r e .  Thus deformation would be expec ted  t o  be 

aseismic and t o  accummulate cont inuous ly  a t  dep th  w h i l e  t h e  upper 
c r u s t  h a s  t o  accommodate re la t ive  movements between t h e  Nor th  

American P la te  and  the  P a c i f i c  P la te  by seismic f a u l t i n g .  Sibson 
(1982) and Meissner  and S t r e h l a u  (1982)  gave an  accoun t  of t h e  

changing material  p r o p e r t i e s  w i t h  d e p t h  and e x p l a i n e d  t h e  shallow 
confinement of s e i s m i c i t y  on t h e  San Andreas F a u l t  i n  t e r m s  of a 
t r a n s i t i o n  from b r i t t l e  f r i c t i o n  t o  d u c t i l e  c r e e p .  T s e  and R i c e  

(1986)  showed i n  a n  e l a b o r a t i o n  of t h i s  c o n c e p t  t h a t  t h e  

t empera tu re  and hence d e p t h  v a r i a t i o n  of f a u l t  s l i p  c o n s t i t u t i v e  
p r o p e r t i e s ,  when i n c o r p o r a t e d  i n t o  a mechanical  model f o r  p l a t e s  
j o i n e d  a t  a t r a n s f o r m  boundary, led t o  predicted d e p t h  v a r i a b l e  
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s l i p  c o n s i s t e n t  w i t h  a sha l low e f f e c t i v e l y  locked  zone t h a t  

undergoes g r e a t  seismic s l i p s  and with cont inuous s l i p  accumulation 
below. Over t h e  l as t  s e v e r a l  decades,  s t r a i n  changes have been 
moni tored  by g e o d e t i c  n e t w o r k s  a t  s e v e r a l  l o c a t i o n s  a l o n g  t h e  

f a u l t .  These d a t a  provide a b a s i s  f o r  b e t t e r  understanding of the  

p h y s i c a l  p r o c e s s e s  govern ing  t h e  b e h a v i o r  of t h e  f a u l t  and, 
t o g e t h e r  wi th  seismic and geologic  d a t a ,  are a source of p o s s i b l e  
c o n s t r a i n t s  on locked  zone depth,  l i t h o s o p h e r e  t h i c k n e s s  and 
r h e o l o g i c a l  parameters .  

Our  g o a l  h e r e  i s  t o  develop a s imple p h y s i c a l  model of t h e  

ear thquake  s t r e s s i n g  process  along t h e  locked segments of t he  San 
Andreas f a u l t  t h a t  i s  compatible wi th  such d a t a .  While w e  do not  
d i s c u s s  here e v e n t s  l e a d i n g  t o  great ear thquake  i n s t a b i l i t y ,  w e  
expect  t h a t  t h e  improved d e s c r i p t i o n  of t h e  f a u l t  reg ion  geometry 
and r h e o l o g i c a l  p r o p e r t i e s  w i l l  be u s e f u l  t o  more r e a l i s t i c a l l y  
r e p r e s e n t i n g  t h e  ear thquake  loading  p r o c e s s  i n  n e c e s s a r i l y  more 
compl ica ted  c r u s t a l  scale i n s t a b i l i t y  models.  Such models have 
been based on shear crack  concepts (Dmowska and L i ,  1982; L i  and 
R i c e ,  1983; T s e  e t  a l . ,  1985; L i  and Fares, 19861, f a u l t  s u r f a c e  
s l ip-weakening response ( S t u a r t  and Mavko, 1979;  S t u a r t ,  1984/85; 
S t u a r t  e t  a l ,  1985) o r  i t s  g e n e r a l i z a t i o n  i n  t h e  manner of  s l i p  
r a t e  and s l i p  h i s t o r y  dependent f r i c t i o n  (Mavko, 1980; T s e  and 
R i c e ,  1986) .  

Savage  a n d  B u r f o r d  (1973) s u g g e s t e d  t h e  m o d e l l i n g  o f .  
i n t e r s e i m i c  s u r f a c e  s t r a i n  r a t e  p r o f i l e s  n e a r  s t r i k e  s l i p  f a u l t s  by 
means of a b u r i e d  screw d i s l o c a t i o n  i n  an e l a s t i c  ha l f - space .  T h e  

t echn ique  has been employed widely ( e . g . ,  P r e s c o t t  e t  a l . ,  1979;  
M c G a r r  e t  a l . ,  1982; Savage, 1983; King and Savage, 1984) .  I n  t h a t  
approach there i s  assumed t o  be no s l i p  a t  t h e  t r ans fo rm margin 
w i t h i n  a p r e s e n t l y  locked seismogenic  dep th  range,  analogous t o  
what w e  denote  as L here ,  whereas a s p a t i a l l y  uniform s l i p  rate a t  
t h e  r e l a t i v e  p l a t e  v e l o c i t y  Vpl is  imposed a t  t h e  margin everywhere 
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a long  t h e  downward con t inua t ion  of t h e  locked zone. Savage and 
Burford (1973)  recognized t h i s  imposed motion on the  p l a t e  boundary 
a s  a conven ien t  s i m p l i f i c a t i o n  of a more compl i ca t ed  d r i v i n g  
mechanism i n  which " the  p l a t e s  s l i p  p a s t  one another  i n  response t o  
shear stresses t h a t  presumably o r g i n a t e  from t h e  d rag  of  m a n t l e  
c o n v e c t i o n  c u r r e n t s  upon t h e  bot tom of l i t h o s p h e r i c  p l a t e s " .  
Evident ly ,  t h e  motion a t  t h e  t ransform margin below t h e  locked zone 
would be a c a l c u l a t e d  response,  rather t h a n  as imposed cond i t ion ,  
i n  a more complete model of  d r i v i n g  by deep-seated mantle  motion 
and i t s  coupl ing t o  the  su r face  p l a t e s .  While t h e  model l ing which 
w e  develop here i s  s t i l l  severe ly  s i m p l i f i e d ,  it does neve r the l e s s  
come c l o s e r  t o  embodying the  d r iv ing  mechanism j u s t  desc r ibed .  

T u r c o t t e  and Spence ( 1 9 7 4 )  ana lyzed  t h e  n e a r - f a u l t  s u r f a c e  
deformation by means of a t w o  dimensional e las t ic  edge crack model, 
l i k e  t h a t  i n  F i g .  l b .  T h e  crack faces r e p r e s e n t  t h e  s l i d i n g  
p o r t i o n  of  t h e  p l a t e  m a r g i n  and are  assumed t o  s l i d e  under  
r e s i s t i v e  shear stresses below the locked zone which remain uniform 
i n  t i m e ,  w i t h  l oad ing  f r o m  t h e  remote edges of t h e  s t r i p .  S ince  
t he  i n t e r e s t  i s  i n  changes of displacement  under  ongoing loading ,  
t h i s  cons t an t  stress cond i t ion  i s  equ iva len t  t o  t r e a t i n g  t h e  crack 

s u r f a c e s  as  f r e e l y  s l i p p i n g .  T h e i r  a n a l y s i s  p r o v i d e d  a n  
a p p r o p r i a t e  assessment of t h e  e f f e c t  of t h e  depth of locked zone on 
the p r o f i l e  of s u r f a c e  s t r a i n  o r  displacement ,  p a r t i c u l a r l y  on the  

r a t i o  between t h e  nea r  f a u l t  value t o  t h a t  a t  a p o i n t  remote from 
t h e  f a u l t  (where stress and s t r a i n  a l t e r a t i o n s  are  presumably 
uniform through t h e  t h i c k n e s s ) .  The Turcotte-Spence crack model 
f o r  t h e  deepe r  f a u l t  zone, w i th  i t s  c o n s t a n t  stress boundary 
c o n d i t i o n ,  p rov ides  an a l t e r n a t i v e  and presumably more r e a l i s t i c  
t r e a t m e n t  o f  t h a t  zone t h a n  impos ing  a s p a t i a l l y  un i fo rm 
d i s l o c a t i o n  accumulat ing a t  a c o n s t a n t  r a t e .  That  is ,  i f  t h e  

deeper  f a u l t  zone deforms v i scous ly  w i t h  a s t r o n g l y  non- l inea r  
stress dependence as expected, t hen  the  l o c a l  shear stresses w i l l  

va ry  on ly  modest ly  over  apprec i ab le  changes i n  s l i p  ra te  and are 
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sensibly approximated as being uniform in time except in the 
co-seismic and short-term postseismic time intervals. Also, the 
resulting crack surface slip distribution tapers gradually to zero 
at the base of the locked zone, eliminating the unrealistic slip 
discontinuity of the uniform dislocation model. 

Despite the attractive features of the crack model, its level 
of development by Turcotte and Spence remains of limited 
application because they assumed for simplicity in their modelling 
that the surface plates were decoupled from at least the nearby 
mantle below. Thus, they could only load the system by remotely 
applied forces and could not directly relate the loading to ongoing 
plate motion. 

We remove these deficiencies so as to account approximately 
for the coupling of the lithosphere to a viscoelastic asthenosphere 
and to allow the overall lithosphere-asthenosphere system to be 
loaded by ongoing deep seated mantle motions that are compatible 
with remote plate velocities. As will be seen, this more complete 
analysis of the edge cracked model allows us to fit approximately 
the principal types of geodetic data now available, namely data on 
the time dependence of near fault deformation over the earthquake 
cycle and the variation of comtemporary deformation rates with 
distance from the fault trace. 

The above mentioned works by Savage and Burford (1973) and 
followers, and by Turcotte and Spence (1974) , being purely elastic, 
do not account for observed changes in strain rates over a complete 
earthquake cycle. Thatcher (1975) proposed a qualitative model for 
strain accumulation and release of the 1906 San Francisco 
Earthquake. Essentially, the fault was locked at the upper 10 km 
which was the focal depth. Tectonic plate movement drove the plate 
boundary deformation, which was localized along the fault due to 
aseismic sliding occurring below the locked zone. The accumulated 
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s t r a i n  w a s  rel-ased by t h e  1906 ea r thquake ,  r u p t u r i n g  upwards 
through the  locked p o r t i o n .  Pos t - se i smica l ly ,  t h e  deeper  p a r t  of 
t h e  f a u l t  s l i d  more r a p i d l y ,  being d r i v e n  by t h e  stress shed onto  
it and  t h e  a s t h e n o s p h e r e  below by t h e  e a r t h q u a k e .  Thus, t h e  

p o s t s e i s m i c  s u r f a c e  s t r a i n  rate w a s  h igher ,  b u t  decreased  g radua l ly  
w i t h  t i m e .  For example, the ( e n g i n e e r i n g )  s t r a i n  ra te  n e a r  t he  

f a u l t  w a s  about  2 . 4  x yr”  f o r  t h e  t h i r t y  y e a r s  fo l lowing  the 
ear thquake  b u t  w a s  on ly  0 .6  x yr-’ s i n c e  t h e n  (Thatcher, 1975) .  
The time-dependence of c r u s t a l  deformat ion  n e a r  a f a u l t  may have 
t w o  major sources :  i n e l a s t i c  r e l a x a t i o n  of t he  f a u l t  zone material 
below t h e  se i smogen ic  l a y e r ,  and  c o u p l i n g  between t h e  e l a s t i c  
l i t h o s p h e r e  and t h e  viscoelastic a s thenosphe re .  Thatcher (1983) 
modelled t h e  aseismic deep s l i p  by means of an  e las t ic  h a l f  space 
i n  which postseismic t r a n s i e n t  s l i p  w i t h  e x p o n e n t i a l  t i m e  decay i s  
imposed k i n e m a t i c a l l y  as a s p a t i a l l y  un i fo rm d i s l o c a t i o n .  A 

Nur-Mavko model, i n  which an e l a s t i c  l a y e r  i s  c o u p l e d  t o  a 
v i s c o e l a s t i c  half  space  i s  used t o  model t he  l a t te r  effect .  T h i s  

work p rov ided  impor tan t  i n s i g h t  on t he  n o n l i n e a r  n a t u r e  of s t r a i n  
accumulat ion wi th  t i m e  over  a n  ear thquake  c y c l e .  T h e  s t r a i n  ra te  
data f r o m  n o r t h e r n  and southern C a l i f o r n i a  (Thatcher,  1983) a rgues  
s t r o n g l y  i n  favor of t h i s  non l inea r  accumulat ion.  Our work  here 
a d d r e s s e s  t h e  same d a t a ,  b u t  without  t h e  k inemat i c  impos i t i on  of 

motion d i r e c t l y  benea th  t h e  seismogenic  zone. R a t h e r ,  t h e  deep 
f a u l t  w a l l s  move, i n  o u r  modelling, i n  response  t o  s t e a d y  mantle  
motions, as t r a n s m i t t e d  through a v i s c o e l a s t i c  as thenosphere,  so as 
t o  m a i n t a i n  t h e  c o n s t a n t  r e s i s t i v e  stress boundary c o n d i t i o n .  
T u r c o t t e  e t  a1 (1984) addressed the  t i m e  dependent s t r a i n i n g  w i t h  a 
m u l t i - l a y e r  model, hav ing  an  i n t r a c r u s t a l  as w e l l  as a deepe r  
a s t h e n o s p h e r e ,  t h a t  i s  somewhat i n  t h e  s p i r i t  of t h e  p r e s e n t  
approach,  b u t  d i d  n o t  i n c l u d e  t h e  s t r a i n  c o n c e n t r a t i n g  e f fec t  of  
s l i p  on deep f a u l t  w a l l s  wi th in  t h e  e las t ic  s u r f a c e  plate .  
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We build-in the viscoelastic asthenospheric coupling between 
the surface plate and deeper mantle motions by use of the 2-D 
generalized Elsasser model (Rice, 1980; Lehner et al, 1981). This 
results in a differential equation which is phrased in terms of 
thickness average stress and displacement. Further, to represent 
the edge cracked geometry with slipping crack walls at the plate 
margin, Fig. lb, we require that the local displacement at the 
margin be related to the net shear force transmitted across it 
exactly as in the Turcotte-Spence analysis. 

Thus, considering as in Fig. la, an elastic lithospheric plate 
underlain by a viscoelastic asthenosphere, for the strike slip 
environment of a long fault with uniform conditions along strike 
equilibrium requires that 

Here oxy(y,t) is the thickness average of the fault-parallel 
in-plane shear stress over plate thickness H and Zx(y,t) is the 
fault-parallel shear stress draging on the base of the plate. For 
a homogeneous plate of shear modulus G, thickness averaging of the 
local stress-strain relation shows that 

oxy = G aulay 

where u(y,t) is the thickness average of the fault-parallel (and 
only nonvanishing) displacement. 

The shear drag is connected to the displacement and 
displacement rate, within the approximate treatment of coupling in 

p 
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t he  model, through t h e  l i n e a r  Maxwellian r e l a t i o n  

which d e s c r i b e s  t he  deformation of  the  v i s c o e l a s t i c  as thenosphere.  
I n  ( 3 ) ,  b i s  a short- t ime e f f e c t i v e  e las t ic  coupl ing t h i c k n e s s .  I t  

i s  chosen as  ( 7 ~ / 4 ) ~ H  (Lehner e t  a l ,  1981)  when G i s  t h e  s h e a r  

modulus of t h e  e las t ic  p l a t e ,  i n  o r d e r  f o r  t h e  f i n a l  p l a t e  model t o  
c o r r e c t l y  respond t o  sudden stress release over  t h e  l i t h o s p h e r e  
t h i c k n e s s .  Also, h/q i s  a long- t ime v i s c o u s  compl iance ,  
i n t e r p r e t a b l e  as a depth  s c a l e  h over  which a s thenosphe r i c  s h e a r  
takes p l a c e  d iv ided  by a s thenosphe r i c  v i s c o s i t y  q. The v e l o c i t y  
Vo(y) i s  the  ra te  of motion of sub-asthenospheric  material of th.e 

mantle.  It  i s  assumed t o  be a func t ion  of y, bu t  independent of t ,  
such t h a t  Vo(y) - Vo(-y) approaches t h e  r e l a t i v e  p l a t e  v e l o c i t y  Vpl 

as y i n c r e a s e s .  The f u n c t i o n  Vo(y) r e p r e s e n t s  t h e  imposed s t eady  
d r i v i n g  motion al though,  as w i l l  be seen, t h e  t i m e  dependence of 
deformation i s  remarkably independent of the  d e t a i l e d  form of t h e  

f u n c t i o n .  

On ..combining (l), ( 2 )  and ( 3 ) ,  t h e  model r e q u i r e s  t h a t  

(a+pa/at) a w a y 2  = au/at - V0(y) ( 4 )  

where a E H G h / q  and p E bH = (XH/4)'. T h i s  i s  the  equa t ion  governing 
t h e  t i m e  a n d  s p a t i a l  d i s t r i b u t i o n s  of  d e f o r m a t i o n  i n  t h e  

l i t h o s p h e r i c  p l a t e ,  subject t o  a p r e s c r i b e d  boundary cond i t ion  a t  y 
= 0. (This  boundary cond i t ion  w i l l  be seen t o  be t i e d  t o  Vpl and 
the  ear thquake cyc le  r epea t  t ime Tcy) .  

A t  the p l a t e  boundary, y = O', the  t h i c k n e s s  average stress oxy 
t r a n s m i t t e d  i s  assumed t o  be r e l a t e d  t o  t h e  n e t  t h i c k n e s s  average 
displacement  2 ( u  - D / 2 )  through t h e  s t i f f n e s s  k of t he  edge cracked 
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s t r u c t u r e  w i t h  f r e e l y  s l i p p i n g  crack walls (F igu re  l b ) .  Here D = 

D ( t )  r e p r e s e n t s  t h e  s e i s m i c a l l y  accumulated s l i p  of t he  p r e s e n t l y  
locked shallow zone. The edge cracked s t r u c t u r e  i n  a n t i - p l a n e  
s t r a i n  may be regarded as a c r o s s - s e c t i o n a l  c u t  of t he  l i t h o s p h e r e  
a t  t h e  p la te  boundary. For r epea ted  ear thquake  c y c l e s ,  D may be 
t aken  as a staircase f u n c t i o n  of t i m e  w i th  p e r i o d i c  s t epp ing ,  F i g .  

2 .  Thus, t h e  a p p r o p r i a t e  boundary cond i t ion  f o r  (4) a t  y=O+ i s  

G &/ay = 2k ( U  - D / 2 ) .  (5) 

T h e  s t i f f n e s s  k i s  given by (see  eq. (8)  t o  follow) 

k = aG/4H l n [ l / s i n  (nL/2H) 3 

where L i s  t h e  locked dep th .  This i s  c o n s i s t e n t  w i t h  t he  s t i f f n e s s  
k g i v e n  by T s e  e t  a l .  (1985) f o r  " l i n e  s p r i n g "  m o d e l l i n g  of 
p a r t i a l l y  locked p l a t e  margins. A n  a p p r o p r i a t e  choice of L would 
be t h e  focal depth  of earthquake r u p t u r e s .  For  t h e  extreme case of 

through t h i c k n e s s  rup tu re ,  L i s  equa l  t o  H and t h e  s t i f f n e s s  k goes 
t o  i n f i n i t y .  Equation (5) then implies u = D / 2  which recovers t h e  

s imple  boundary c o n d i t i o n  used, i n  an ear l ie r  a n a l y s i s  by Lehner 
and L i  (1982) of s t r a i n  accumulation i n  t h e  ear thquake  c y c l e .  

T o  model p e r i o d i c  ea r thquakes  w i t h  c y c l e  t i m e  T,, and s l i p  
magnitude D,, t h e  boundary s l i p  D ( t )  may be decomposed i n t o  two 
p a r t s ,  as shown i n  F igu re  2 .  With t h e  periodic saw-tooth f u n c t i o n  
r e p r e s e n t e d  by a F o u r i e r  series, D ( t )  may be expressed  as 

D ( t )  = (D,/x) 2 ( l / n )  sin(2nxt/Tc,) + D, [ ( 1 / 2 )  + t / T  ] ( 6 )  
CY 

P l  

I n  t h e  s t e a d y  state,  it i s  assumed t h a t  t h e  cumulat ive seismic s l i p  
agrees w i t h  t h e  overal l  p la te  v e l o c i t y  Vnl. I -  Thus, D, = VplTry. T h e  
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second t e r m  of ( 6 )  may be understood as the  v a l u e  of 2u a t  y = 0' 
f o r  a p a r t i c u l a r  s o l u t i o n  for  u i n  y>O of form Vp,t/2 + a func t ion  
of y on ly ,  t h a t  reproduces t h e  r i g h t  hand side t e r m  V,(y) of ( 4 ) .  

T h i s  s o l u t i o n  has t i m e  rates rep resen t ing  s t e a d y  r i g i d  block motion 
and i s  o t h e r w i s e  of no i n t e r e s t  i n  t h e  p r e s e n t  c o n t e x t .  W e  a re  
i n t e r e s t e d  i n  t h e  a d d i t i o n a l  c y c l i c a l l y  t i m e  dependent s o l u t i o n  u 
t o  ( 4 )  w i t h  V, = 0, i n  response t o  t h e  f i rs t  t e r m  of ( 6 ) .  The 
s o l u t i o n  of ( 4 )  s u b j e c t  t o  ( 5 )  may be accomplished by means of 
s e p a r a t i o n  of variables, and the  detai led p rocedure  i s  g iven  i n  
Appendix A .  The s o l u t i o n  t o  w i t h i n  t h e  f u n c t i o n  of y j u s t  
mentioned i s  

where Y E y/dp= 4y/lCH and the t e r m s  B,, y,, M, and N, are f u n c t i o n s  
of the  c i r c u l a r  f r e q u e n c i e s  0, r 2 a n t r / T c y  aad of a parameter  h 
(Appendix A) dependent on L/H.  The Elsasser model r e l a x a t i o n  t i m e  
t r  p/a =(lC2H/16h) ( q / G )  i s  e s s e n t i a l l y  a f r a c t i o n  o f  t h e  

r e l a x a t i o n  t i m e  f o r  asthenosphere material; owing t o  t h e  geometry 
of an e las t ic  p la te  on a v i s c o e l a s t i c  foundat ion,  t he  t i m e  scale of 
lithosphere/asthenosphere coup l ing  i s  a p p r e c i a b l y  l o n g e r  ( R i c e ,  

1980; Lehner e t  a l ,  1 9 8 1 ) .  A l l  subsequent  comparisons w i t h  d a t a  
invo lve  rates and hence are unaf fec ted  by the  unwr i t t en  func t ion  of 

Y. 

The f u n c t i o n  u ( y , t )  as j u s t  c a l c u l a t e d  i s  t h e  t h i c k n e s s  
averaged li thosphere displacement,  and w e  must e x t r a c t  f r o m  it t h e  

d i s p l a c e m e n t  u , ( y , t )  a t  the  E a r t h ' s  s u r f a c e .  T h i s  i s  done as  
f o l l o w s .  Consider  a plate  ' a s  i n  F ig .  l b  which h a s  uniform shear 
modulus G and t h i c k n e s s  H and has  z e r o  shear t r a c t i o n s  on i t s  base  
and on t h e  ver t ica l  boundary below t h e  locked  l igament  L .  T h e  

\ 
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p l a t e  i s  s u b j e c t e d  t o  a remotely a p p l i e d  s h e a r  force OH, p e r  u n i t  
d i s t a n c e  a long  s t r i k e ,  and from s o l u t i o n s  of t h e  problem by Tada e t  
a1 (1973), T u r c o t t e  and Spence (1974), and T s e  e t  a1 (19851, t h i s  
causes  a uniform &/ay = O/G everywhere except  a t  y = 0, where u i s  

d i s c o n t i n u o u s  due t o  s l i p  below t h e  locked l igament  ( i . e . ,  on y = 

0, a t  dep ths  > L ) ,  such t h a t  

u(y=O+) = -u(y=O-) = (2CJH/XG) I n  [ l / s in(ZL/2H)]  + D / 2 .  (8) 

The l a s t  t e r m  reflects t h a t  t h e  now locked l igament  has p r e v i o u s l y  
s l i p p e d  by amount D .  Thus, t h e  t h i c k n e s s  averaged d isp lacement  
i n c r e a s e s  l i n e a r l y  w i t h  y f o r  y>O and  y<O, b u t  has a jump 
d i s c o n t i n u i t y  a t  t h e  f a u l t  t r a c e ,  y=O. T h e  s u r f a c e  displacement  us 
mir rors  t h i s  v a r i a t i o n .  Consider f irst  t h e  case D = 0. Then us 
too varies l i n e a r l y  wi th  y, and i s  equa l  t o  u, a t  large bl, b u t  us 
i s  c o n t i n u o u s  a t  y=O. T h e  jump d i s c o n t i n u i t y  of u there  i s  
replaced by a con t inuous  t r a n s i t i o n  of us over a l e n g t h  scale 
de te rmined  p r i m a r i l y  by L, but by H a lso.  T h i s  v a r i a t i o n  i s  
described by t h e  f u n c t i o n  

2 - (xy/2H) - In sinh(ny/2H) t d s i n h  (ay/2H) t sin2(nL/2H) 
. .  

h [ l / s i n  (nL/2H) ] 

which can be e x t r a c t e d  from t h e  r e f e r e n c e s  above, and varies from 
S=O a t  y=O t o  S=l a t  l a r g e  y, such tha t  ( fo r  y>O) 

When t h e r e  i s  p r e v i o u s  s l i p  by amount D t h e  e q u a t i o n  remains 
c o r r e c t  i f  each  u, and u, f o r  y>O, has  s u b t r a c t e d  f r o m  it a r i g i d  
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motion D / 2  so t h a t  t h e r e  r e s u l t s  

As examples, when L = H / 4  one h a s  S ( 0 )  = 0, S ( L )  = 0.54 and S ( H )  = 

0.96, and when L = H/2, S ( 0 )  = 0, S ( L )  = 0.72 and S ( H )  = 0.94, 
i l l u s t r a t i n g  the  rapid approach t o  u n i t y .  

For t h e  case when t h e  l i t h o s p h e r i c  p l a t e  i s  coupled  t o  a 
viscoelastic as thenosphere ,  w e  can use  the  fo rego ing  a n a l y s i s - a s  a 
basis f o r  e s t i m a t i n g  u , (y , t )  . That is ,  w e  assume as i n  t h e  e x a c t  
a n a l y s i s  r e f l e c t e d  by eqs. ( 1 0 ,  11) above t h a t  us i s  e s s e n t i a l l y  
e q u a l  t o  u, except  t h a t  the  jump d i s c o n t i n u i t y  i n  u a t  t h e  f a u l t  
t race shows up as a g radua l  v a r i a t i o n  i n  us sp read  o u t  by t h e  same 
f u n c t i o n  S ( y )  . Thus w e  c a l c u l a t e  us f r o m  

where D (t) i s  given as i n  Figure 2 and u ( y , t )  , and t h u s  u ( O + , t )  , by 
t h e  s o l u t i o n  i n  eq. ( 7 ) .  R a t e s  of f a u l t  p a r a l l e l  s u r f a c e  
displacement  and shear s t r a i n  a r e  t h e n  

and t h e s e  q u a n t i t i e s  are shown i n  va r ious  subsequent p l o t s .  

S ince  ~ ( 0 ' )  - D / 2  i s  p ropor t iona l ,  by eqs. (5 )  and (8), t o  the  

n e t  force G ( O ) H  t r a n s m i t t e d  a c r o s s  t h e  locked  l igament ,  eq. ( 1 2 )  
e x p r e s s e s  o u r  assumption t h a t  it i s  t h i s  n e t  force, together w i t h  

gecmetr ic  dimensicns L and H as i nc luded  i n  S f y ) ,  which determines 
t he  p e r t u r b a t i o n  of t h e  s u r f a c e  displacement  and s t r a i n  p r o f i l e  due 
t o  t h e  f r e e l y  s l i p p i n g  deep f a u l t  s u r f a c e  below. 
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For the present, we observe that the solution derived here has 
the form 

where F, and F2 are universal dimensionless functions of their 
dimensionless arguments. Further as y + 00, F, + 1 and F, + 0. 
Also, F, is asymmetric and F, symmetric in y. These forms will 
enable interested readers to translate specific results given in 
later plots to some other sets of parameters. 

The governing equation ( 4 )  of the deformation of the plate is 
based on the modified Elsasser model (Rice, 1980; Lehner et al, 
1981). A characteristic of this plane stress model is in the use 
of thickness averaged quantities. Based on U o u a h  thickness 
ruptures, Lehner and Li (1982) computed displacement profiles using 
the modified Elsasser approximations. Their results were compared 
with finite element calculations by Cohen and Kramer (1984), who 
suggested that the thickness averaging of parameters contributed a 
major source of inaccuracy in the prediction of the surface 
displacement field. 

In the present model, the computed surface displacement (and 
subsequently the displacement rates and strain rates) takes into 
account the shallow locked depth L<H, which is embodied in the S ( y )  

terms in (10) - (12). We expect that the surface deformation field 
would then be most sensitive to the effect of continual shear below 
the locked ligament so that the above objection to the approach 
does =et apply. We demonstrate that such is the case by 

considering (Appendix B) the extreme model of plates loaded at 
their base by uniform imposed displacements of opposite sign for 
y>O and y<O, consistent with a uniform plate velocity Vpl. (This 
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i s  a s e v e r e  t e s t  s i n c e  t h e  b a s e  t r a c t i o n  rates tX are  t h e n  
l o c a l i z e d  nea r  t h e  f a u l t  t r a c e ,  whereas our  s o l u t i o n s  show much 
b roade r  load ing  zones (hence cond i t ions  more c o n s i s t e n t  w i t h  our 
u se  of t h e  s o l u t i o n  for  t h e  remotely loaded  edge-cracked s t r i p )  
w e l l  i n t o  t h e  i n t e r s e i s m i c  period; see t h e  f i n a l  f i g u r e  i n  Appendix 

B.) 

T h i s  boundary  v a l u e  problem h a s  been s o l v e d  e x a c t l y  by 
conformal mapping techniques  ( L i  and L i m ,  unpubl ished manuscript ,  
1986) and the  r e l e v a n t  expressions f o r  displacement  ra te  and stress 
rate  are given i n  Appendix B .  For t h i s  model, eqn. (B3) and eqn. 
(B5) g i v e  t h e  exac t  form of t h e  s u r f a c e  displacement  ra te  p r o f i l e  
G,(y) and t h e  s u r f a c e  s t r a i n  r a t e  p r o f i l e  j , ( y ) .  I f  w e  now 
c a l c u l a t e  f o r  t h e  b a s e  loading  t h e  a s s o c i a t e d  t h i c k n e s s  average 
q u a n t i t i e s ,  eq. (12) and (13) then provide approximate estimates of 
t h e  surface deformation cons i s t en t  w i t h  our  p r e s e n t  procedure.  

Comparisons of t h e  e x a c t  is(y) and ?,(y) wi th  t h e  approximate 
s o l u t i o n s ,  shown i n  Appendix B, r e v e a l  t h a t  t he  surface deformation 
f i e l d s  c a l c u l a t e d  w i t h  (12) and (13) would be reasonably  a c c u r a t e  
i n  t he  case where the locked zone i s  shallow. W e  have made f u r t h e r  
comparisons between t h e  exac t  and approximate models f o r  t h e  shear  

s t r a i n  rates a t  t h e  f a u l t  t r a c e ,  and found t h a t  ~ e x a c t / ~ a p p r o x  = 0.82 
- 0.91 f o r  t he  locked zone depth and t h e  l i t h o s p h e r e  t h i c k n e s s  of 
t h e  best fit model f o r  the  San Andreas t o  be d i s c u s s e d  s h o r t l y .  
T h i s  e x e r c i s e  demonstrates  that t h e  surface deformation f i e l d  nea r  
t h e  f a u l t  trace i s  more s e n s i t i v e  t o  t h e  locked depth  and t h e  n e t  
d r i v i n g  load  a t  t h e  boundary than t o  t he  detai ls  of t h e  coupl ing t o  
t h e  a s t h e n o s p h e r i c  foundat ion .  Thus, t h e  approximations made i n  
u s i n g  t h i c k n e s s  a v e r a g e  d i s p l a c e m e n t  t o  es t imate  s u r f a c e  

. -  

deformation by means of (12) and (13) i s  n o t  expec ted  t o  produce 
i n t o l e r a b l e  i n a c c u r a c y .  ( W e  assume t h a t  t h e  model p r o v i d e s  a 
r e a s o n a b l e  account  of t ime dependent f o r c e  t r a n s m i s s i o n  a t  t h e  

margin and of th i ckness  averaged displacement  beyond t h e  s h o r t  t e r m  
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pos t se i smic  p e r i o d ) .  N o t e  t ha t  Cohen & K r a m e r ' s  comparison between 
the i r  FE c a l c u l a t i o n  and the  modified E l s a s s e r  formulat ion i s  based 
on t h e  f u l l  t h i ckness  rup tu re  L = H a n a l y s i s  due t o  Lehner and L i ,  

and i s  shown t o  be  t h e  worst  case f o r  t h e  jexact/japprox r a t i o .  
F u r t h e r ,  t h e  load ing  mode d iscussed  provides  a seve re  t e s t  of our 
p rocedures ,  which w e  know t o  become e x a c t  when base l o a d s  a r e  
instead a p p l i e d  remotely from t h e  cracked s e c t i o n .  

An u n s a t i s f y i n g  a spec t  of the base loaded model shown i n  F ig .  
B1 i s  i n  t h e  uniform imposed displacement ( o r  v e l o c i t y ) ,  implying a 
r i g i d  foundat ion .  T h i s  u n r e a l i s t i c  f e a t u r e ,  however, i s  overcome 
i n  t h e  p re sen t  E l s a s s e r  formulation. 

I t  may b e  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  
lithosphere/asthenosphere coupl ing model of Savage and P r e s c o t t  
(1978) and i t s  d e r i v a t i v e s  (Cohen and Kramer, 1984; Thatcher, 1983) 
i s  based on e las t ic  p l a t e s  over ly ing  a v i s c o e l a s t i c  h a l f  space i n  
which t h e  deformation i n  t h e  shear  zone below t h e  seismogenic depth 
w i t h i n  t h e  e l a s t i c  p l a t e  is imposed k i n e m a t i c a l l y  as s p a t i a l l y  
uniform s l i p  a t  a c o n s t a n t  ra te  c o n s i s t e n t  w i t h  t h e  remote p l a t e  
v e l o c i t y  Vpl. T h i s  imposed uniform shear s l i p  d i s t r i b u t i o n ,  rather 

than  one determined as here by coupl ing between t h e  l i t h o s p h e r e  and 
as thenosphere ,  s t r o n g l y  moderates t h e  time-dependence of s u r f a c e  
de fo rma t ion .  An i m p l i c a t i o n  is t h a t  f o r  sha l low f a u l t s ,  L<<H, 
coup l ing  i s  p r e d i c t e d  t o  be almost non-exis ten t  i n  t h e i r  model 
s i n c e  t h e  n e a r  f a u l t  s u r f a c e  s t r a i n  f i e l d  would be  a lmos t  
comple te ly  c o n t r o l l e d  by t h e  imposed d i s l o c a t i o n  ra te .  Indeed, 
Savage and P r e s c o t t  (1978) r e p o r t e d  t h a t  i n  t h e i r  model, " the  

effect  of as thenosphere r e l a x a t i o n  i s  important  on ly  i f  t he  depth 
of t h e  seismic zone i s  comparable  t o  t h e  t h i c k n e s s  of t h e  

l i t h o s p h e r e " .  I n  c o n t r a s t ,  t h e  p r e s e n t  model p r e d i c t s  response of 
t h e  deep aseismic shear zone and it i s  found t o  respond i n  a 
s p a t i a l l y  ( i n  z )  and t i m e  varying f a sh ion  as shown i n  F i g .  4 (see 
f u r t h e r  explana t ion  below) . 
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T h e o r e t i c a l  r ^ s U l t s , m o d e l  parameters . a n d  c o w o n s  w i t h  
data from C a L i f p r n i a  

T h e  complete  s u r f a c e  s t r a i n  rate a t  v a r i o u s  f r a c t i o n s  of an 
ear thquake  c y c l e  i s  shown as a f u n c t i o n  of d i s t a n c e  f r o m  t h e  f a u l t  
i n  F i g u r e  3a,b. These f igures  compare r e s u l t s  f o r  t w o  ex t remely  
d i f f e r e n t  models, (a )  locked  through t h e  e n t i r e  d e p t h  H and (b)  

locked o n l y  over 0.3H. Immediately a f te r  t h e  l a s t  r u p t u r e ,  t h e  
s t r a i n  ra te  i s  h i g h  and  l o c a l i z e d  n e a r  t h e  f a u l t  due t o  r a p i d  
r e l a x a t i o n  of t h e  a s t h e n o s p h e r e .  I t  decays  i n  a m p l i t u d e  and 
s p r e a d s  s p a t i a l l y  w i t h  i n c r e a s i n g  t i m e .  The rate of sp read ing  i s  
associated w i t h  t h e  r e l a x a t i o n  t i m e  of t h e  a s t h e n o s p h e r e .  
Observa t iona l  suppor t  of such spreading of deformation i s  suggested 
by Tha tche r  (1983)  on t h e  basis of comparing t h e  n o r t h e r n  and 
s o u t h e r n  s e c t i o n s  of t h e  San Andreas f a u l t ,  and  h i s  composi te  
estimate of s t r a i n  rates a t  t h e  f a u l t  t race f o r  t h e  t w o  r e g i o n s  
s u g g e s t s  decay i n  t i m e .  As expected, comparison between F igures  3a 
and 3b shows t h a t  a s h a l l o w  locked segment t e n d s  t o  cause  more 
l o c a l i z e d  deformat ion  ( a t  t he  f a u l t )  t h a n  one w i t h  m o s t  of t h e  

f a u l t  dep th  locked dur ing  t h e  earthquake c y c l e .  

T o  better unders tand  t h e  l o c a l i z e d  time-dependent s t r a i n i n g  a t  
t h e  f a u l t ,  w e  r eca l l  t h a t  t h e  r e l a x a t i o n  of t h e  a s t h e n o s p h e r e  
causes  a r e l o a d i n g  of t he  p l a t e  boundary. T h i s  r e l o a d i n g  causes  a 
g r a d u a l  shear f l o w  of t h e  f a u l t  zone a t  dep ths  below the  locked 

l igamen t .  T o  i l l u s t r a t e ,  w e  show i n  F igu re  4 t he  crack face s l i p  

(measured a r b i t r a r i l y  from zero  immediately a f t e r  an ear thquake)  a t  
v a r i o u s  f r a c t i o n s  of  a c y c l e  t i m e  f o r  t h e  case i n  F i g .  3b. N o t e  
t h a t  t he  ra te  of s l i p  as w e l l  as t h e  s u r f a c e  s t r a i n  ra te  s l o w s  down 
as t h e  as thenosphere  r e l a x e s ,  For t h e  case i l l u s t r a t e d  more than  
70% of t h e  t o t a l  pos t se i smic  s l i p  has occurred  i n  t he  f irst  ha l f  of 
t he  c y c l e .  T h i s  i s  c o n s i s t e n t  w i t h  t he  pos t - se i smic  high s t r a i n  
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ra te  s h o r t l y  a f te r  the  earthquake rup tu re  as mentioned ear l ier .  

W e  w i s h  t o  make our  d e s c r i p t i o n  of  t h e  ea r thquake  load ing  
p rocess ,  which (wi th in  t h e  framework of t he  model adopted)  means 
our  choice  of t h e  f i v e  parameters  Vpl, L, H, T,, and t,, c o n s i s t e n t  
w i t h  seismic, geo log ic  and geode t i c  evidence from t h e  San Andreas 
f a u l t  reg ion .  Our approach is  t o  choose Vpl, L and T,, on the b a s i s  
of geo log ic  and seismic cons ide ra t ions  and then  t o  choose t h e  less 
w e l l  c o n s t r a i n e d  parameters  H and t, t o  f i t  t h e  data set assembled 
by Thatcher (1983) f o r  t i m e  dependent post-ear thquake s t r a i n i n g  a t  
a v a r i e t y  of l o c a t i o n s  a long  t h e  San Andreas f a u l t .  P r e d i c t i o n s  
based  on  t h e  r e s d l t i n g  pa rame te r  s e t  a r e  t h e n  compared t o  
comtemporary f a u l t - p a r a l l e l  displacement  rates as a f u n c t i o n  of 
d i s t a n c e  from the f a u l t  t r a c e  i n  a f e w  p l a c e s .  

I n  t h e  case of Vpl, it i s  accep ted  t h a t  t h e  o v e r a l l  v e l o c i t y  
between t h e  P a c i f i c  and North American p l a t e s  i s  approximately 55 
mm/yr (Minster and Jordan, 1 9 7 8 ) .  However, evidence from long t e r m  
f a u l t  o f f se t s  summarized r e c e n t l y  by Minster  and Jordan (1984) and 
S t u a r t  (1984/85),  based on work by S ieh  and Jahns (1984) and Weldon 
(1984) ,  sugges t s  t h a t  only 35 mm/yr should be regarded as t a k e n  up 
by t h e  San Andreas f a u l t ,  and w e  t h e r e f o r e  set Vpl= 35 mmi'yr. 

I n  no r the rn  C a l i f o r n i a  g rea t  ear thquakes l i k e  t h e  1 9 0 6  rup tu re  
have been e s t ima ted  t o  have a r e p e a t  t i m e  f r o m  70 t o  more than  180 
y r  (Savage, 1 9 8 3 ) .  A longer  r e p e a t  t i m e  of 225 y r .  based  on 
t r e n c h i n g  d a t a  w a s  ob ta ined  by H a l l  e t  a l .  (1982) .  I n  southern  
C a l i f o r n i a ,  d a t a  from ex tens ive  t r e n c h i n g  a t  P a l l e t  Creek  (Sieh,  

1984) l e a d s  t o  an average recur rence  i n t e r v a l  between 145 and 200 
y r  f o r  l a r g e  ea r thquakes ,  based on e x c a v a t e d  evidence of 1 2  
ear thquakes between approximately 260 and 1857 A . D .  Evidence from 
o t h e r  l o c a t i o n s  a long  t h e  1857 r u p t u r e  zone (Sieh and Jahns,  1984; 
S t u a r t  1984/85) s u g g e s t s  t h e  p o s s i b i l i t y  of a v a r i a b l e  average  
r e c u r r e n c e  i n t e r v a l  f r o m  one segment t o  a n o t h e r ,  r ang ing  from 
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approximate ly  100 t o  300 yea r s .  W e  have f i x e d  T,, = 160 y r ,  s i n c e  
t h i s  v a l u e  i s  r e a s o n a b l e  i n  terms of o b s e r v a t i o n s  and  s i n c e  
v a r i a t i o n s  by & 25% (expanding t h e  range  t o  1 2 0  t o  200 y r )  have 
only  v e r y  modest effects on t h e  r e s u l t s  which w e  show. 

I n  t e r m s  of t h e  model of a locked sha l low p o r t i o n  of the  c r u s t  
w i t h  a c c u m u l a t i n g  aseismic s l i p  below, it seems l o g i c a l l y  
c o n s i s t e n t  t h a t  t h e  n u c l e a t i o n  depth  f o r  a l a r g e  ear thquake  should 
be i d e n t i f i e d  wi th  t he  h i g h l y  stressed reg ion  a t  t h e  bo rde r  of t h e  
s l i p p i n g  and locked zones, i .e . ,  w i th  t h e  crack t i p  l o c a t i o n .  T h i s  

would a rgue  f o r  choosing L i n  t h e  range of 8 t o  10 k m  on t h e  basis 
of s e i s m i c a l l y  determined nuc lea t ion  dep ths .  For example, t h e  1979 
Imper i a l  Val ley  ear thquake  is inferred t o  have i n i t i a t e d  a t  about 8 
km dep th  (Archule t ta ,  1982) ,  t h e  1 9 6 6  P a r k f i e l d  ear thquake  a t  about 
9 km depth (Lindh and Boore, 1981), and both the  1979 Coyote Lake 

and 1984 Morgan H i l l  ear thquakes a long  t h e  Calaveras  f a u l t  a t  about 
1 0  k m  dep th  ( L e e  e t  a l . ,  1979; Bouchon, 1982; Bakun e t  a l . ,  1984) .  
A l s o ,  Thatcher (1975) i n f e r r e d  a focal dep th  of n o t  greater t h a n  
about 1 0  km f o r  t h e  1906 San Francisco ear thquake based on a n a l y s i s  
of g e o d e t i c  data. 

T h e  n u c l e a t i o n  dep ths  d i scussed  are towards t h e  bottom of the  

se ismogenic  zone a long  t h e  San Andreas, i . e . ,  t h e  zone ex tend ing  
t y p i c a l l y  t o  1 2  t o  1 4  km depth from which seismic s i g n a l s  emanate 
(Eaton e t  a l . ,  1970; Wesson et a l . ,  1973; Sibson, 1982) .  

I n  order t o  associate L w i t h  r e p r e s e n t a t i v e  n u c l e a t i o n  depths ,  
w e  take L = 9 km as one case f o r  more detailed s t u d y .  However, i n  
o u r  p r e s e n t  s i m p l i f i e d  model l ing  t h e  locked zone d e p t h  L i s  
regarded as f i x e d  throughout  t h e  ear thquake  c y c l e .  I n  r e a l i t y ,  L 

w i l l  be t i m e  dependent if the s l i p p i n g  r eg ion  g r a d u a l l y  p e n e t r a t e s  
i n t o  t h e  locked  zone throughout  t h e  c y c l e .  I n  t h a t  case t h e  

e a r t h q u a k e  n u c l e a t i o n  d e p t h  w i l l  u n d e r e s t i m a t e  a r e p r e s e n t a t i v e  
v a l u e  of L fo r ,  say ,  mid-cycle s t r a i n i n g  c o n d i t i o n s .  W e  sugges t  
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t h a t  a cho ice  of L = 11 km, which w e  take as a second case for  
. d e t a i l e d  s tudy ,  reasonably  r e p r e s e n t s  a locked zone depth  i n  t he  

presence of upward p e n e t r a t i o n .  

A s  a f i r s t  p e r s p e c t i v e  on t h i s  choice,  w e  n o t e  t h a t  t he  shear 
crack-like c o n f i g u r a t i o n  impl ies  t h a t  t h e  locked reg ion  ahead of 
t h e  crack t i p  i s  of  mechanical p r o p e r t i e s  such t h a t  it t e n d s  t o  
resist deformation,  bu t  neve r the l e s s  u l t i m a t e l y  breaks,  i n  t h a t  it 
s l i p s  subsequen t ly  a t  r educed  s t r e n g t h ,  when a p p r o p r i a t e  l o c a l  
stress l e v e l s  are reached.  Such p r o p e r t i e s  d e f i n e  a deformation 
weakening material, i .e. ,  a p o t e n t i a l l y  b r i t t l e  m a t e r i a l ,  and are 
p l a u s i b l y  associated w i t h  material of t h e  seismogenic  zone. Thus 
t h e  g r e a t e s t  p l a u s i b l e  depth of locked zone would correspond t o  t he  

1 2  t o  1 4  km base  of t h e  seismogenic  zone; s u c h  would g i v e  t h e  
locked zone depth e a r l y  i n  the cyc le ,  whereas la te  i n  t h e  cycle the  

dep th  has d iminished  t o  t h e  8 t o  10 km n u c l e a t i o n  depth  range .  
These cons ide ra t ions  suggest  a n  upward motion of t h e  locked zone on 
t h e  o r d e r  of 4 km throughout  t h e  ear thquake cyc le ,  and t h u s  a mean 
depth around 10 t o  1 2  km ( w e  t ake  L = 11 k m ) ,  i f  indeed the  locked 
zone dep th  does s t a r t  o f f  t h e  c y c l e  approximately co inc iden t  w i t h  

the  maximum seismogenic depth.  

An independen t  b u t  remarkably s u p p o r t i v e  p e r s p e c t i v e  i s  
provided by t h e o r e t i c a l  i n s t a b i l i t y  modelling. T h e  shea r  crack and 
s l i p  weakening i n s t a b i l i t y  models ment ioned e a r l i e r  a l l  show a 
g radua l  upward p e n e t r a t i o n  of the s l i p p i n g  zone. The recent work 
by T s e  and R i c e  (1986)  i s  perhaps the m o s t  real is t ic  of t ha t  series 
i n  adop t ing  a s l i p  ra te  and s l i p  h i s t o r y  dependent form f o r  t h e  

f a u l t  s u r f a c e  c o n s t i t u t i v e  l a w  based on l a b o r a t o r y  experiments ,  and 
i n  u s i n g  what (ve ry  incomplete) d a t a  i s  a v a i l a b l e  on tempera ture  
and normal stress dependence of c o n s t i t u t i v e  parameters ,  t o g e t h e r  
w i t h  a San Andreas f a u l t  geotherm, t o  p rov ide  a depth  v a r i a b l e  
d e s c r i p t i o n  of m a t e r i a l  response.  This (forward) model l ing implied 
a t r a n s i t i o n  from inhe ren t ly  s t a b l e  t o  p o t e n t i a l l y  uns t ab le  s l i p  a t  
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a round  11 km d e p t h .  F u r t h e r ,  t h e  r e s u l t s  f o r  s l i p  h i s t o r i e s  
t h r o u g h o u t  whole e a r t h q u a k e  c y c l e s  c a l c u l a t e d  by  T s e  and R i c e  

(1986) show c l e a r l y  t h e  development of a sha l low locked zone which 

i s  g r a d u a l l y  p e n e t r a t e d  by s l i p  below. The i r  s i m u l a t i o n s  allowed 
f o r  a broad r a n g e  of c r i t i c a l  s l i p  weakening d i s t a n c e s  and 
d i f f e r e n t  o p t i o n s  f o r  d e s c r i b i n g  u n c e r t a i n t i e s  of c o n s t i t u t i v e  
r e sponse ;  a l l  were done w i t h  V,, = 35 mm/yr and the  r e s u l t i n g  
v a l u e s  f o r  T, w e r e  be tween 50 and 160 y r .  Examining s i m u l a t i o n s  
showing T,, > 80 y r ,  one observes  t h a t  the  s l i p p i n g  zone below 
reached up t o  around 8 t o  9 km depth  when t h e  deep s l i p  reached 25% 

of V,,T,, ( i . e . ,  25% of i t s  f u l l  c y c l e  v a l u e ) ,  moved up t o  7 t o  8 km 
a t  50% of VplTcy, t h e n  t o  6.5 t o  7.5 km dep th  a t  75% of VplTcy, and 

t o  around 6 k m  j u s t  be fo re  i n s t a b i l i t y .  W e  may summarize by say ing  
t h a t  t h e  T s e - R i c e  modelling had an 11 km deep seismogenic zone and 
a locked  dep th  a t  n u c l e a t i o n  around 6 km (both a f e w  km sha l lower  
t h a n  estimated above) and a locked zone dep th  around mid-cycle on 
t h e  order 1 t o  2 km deeper  than t h a t  a t  i n s t a b i l i t y ,  and 3 t o  4 k m  

shallower t h a n  t h e  maximum seismogenic  d e p t h .  These model l ing  
r e s u l t s  are n o t  i n c o n s i s t e n t  w i t h  t h e  simple d e s c r i p t i o n  g iven  
above, and sugges t  t h a t  a r e p r e s e n t a t i v e  locked zone dep th  a t  L = 

11 k m ,  2 km below a t y p i c a l  n u c l e a t i o n  d e p t h ,  may accoun t  
approximate ly  for  upward p e n e t r a t i o n .  A f e a t u r e  no t  accounted for  
i s  t h a t  upward p e n e t r a t i o n  would cause  t h e  s t r a i n  n e a r  t h e  f a u l t  
t race t o  s l i g h t l y  i n c r e a s e  even if the  n e t  force t r a n s m i t t e d  a c r o s s  
t h e  p la te  boundary were no t  i nc reas ing  w i t h  t i m e .  T h i s  effect  may 
act  t o  s l i g h t l y  c o u n t e r a c t  t h e  g e n e r a l  t r e n d  of d e c r e a s i n g  s t r a i n  
rate throughout  t h e  c y c l e  t h a t  ou r  p r e s e n t  model l ing i m p l i e s .  

For d e f i n i t e n e s s ,  w e  choose t w o  cases L = 9 k m  and L = 11 km 

i n  what follows a long  w i t h  Vpl = 35 m / y r  and T,, = 160 y r .  There 
are no comparably good apriori c o n s t r a i n t s  on t h e  a p p r o p r i a t e  
v a l u e s  of l i t h o s p h e r e  th i ckness  H and v i s c o e l a s t i c  r e l a x a t i o n  t i m e  
t, f o r  purposes  of describing the  ear thquake s t r e s s i n g  process. 
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Thus as a g e n e r a l  c o n s t r a i n t  on these model parameters  f o r  t h e  

San Andreas f a u l t  as  a whole, F i g u r e  5, w e  f i r s t  compare t h e  

s u r f a c e  s t r a i n  rate is computed a t  t h e  f a u l t  w i t h  Thatcher 's  (1983) 
compi l a t ion  of data from P t .  Arena, For t  R o s s ,  P t .  Reyes, S h e l t e r  
Cove, S.F.  Peninsula ,  C a r r i z o  P la in ,  San Fernando-Mojave, Pa lmda le  

and  C o a c h e l l a  V a l l e y .  Loca t ions  are shown i n  F i g u r e  5, and 
Tha tche r ' s  p lo t  of t h e  data i s  shown i n  F igu re  6 w i t h  h i s  e s t ima ted  
error bars i n d i c a t e d .  I n  r e fe rence  t o  f i g u r e  6a,  t a k i n g  t h e  locked 
zone as 9km, w e  found by a series of runs  w i t h  d i f f e r e n t  parameter  
v a l u e s  t h a t  a good fit  t o  t h e  da,ta i s  g i v e n  by t ,=12 y r  and 
H=22.5km. T h e  r e s u l t s  of  our  c a l c u l a t i o n  i n  t h a t  case are shown by 
the  t h i c k  s o l i d  l i n e ,  which we t e r m  o u r  " r e f e r e n c e "  c u r v e .  To 
e x p l a i n  why f i t t i n g  t h e  data se rves  t o  c o n s t r a i n  bo th  t, and H, w e  
now examine the  a l t e r a t i o n  t o  t h i s  r e f e r e n c e  case by va ry ing  one a t  
a t i m e .  For the  case of lowering the  r e l a x a t i o n  t i m e  t o  6 y r ,  it i s  
s e e n  t h a t  t h e  c u r v e  . ro t a t e s  by  i n c r e a s i n g  t h e  s t r a i n  r a t e  
s i g n i f i c a n t l y  a t  short  t i m e  a f te r  t h e  las t  r u p t u r e  and drops  below 
the  r e f e r e n c e  curve  approximately 20 y e a r s  a f t e r  the  l a s t  r u p t u r e .  
While the  short  t i m e  p r e d i c t i o n  can a rguably  f i t  the  g e o d e t i c  data, 

t h e  long  t i m e  curve  appears  t o  underest imate  t h e  s t r a i n  rate, l y i n g  
below eve ry  data p o i n t  except  PR. A s  w e  s h a l l  see, t h e  assumption 
of a t h i n n e r  l i t h o s p h e r i c  t h i c k n e s s  s h i f t s  t h e  cu rve  up a t  a l l  
t i m e s ,  and t h u s  may h e l p  t o  improve t h e  t,=6 y r  cu rve  f i t  a t  long  
t i m e s ,  b u t  would t h e n  aggrava te  t h e  sho r t  t i m e  p r e d i c t i o n .  A 

similar a n a l y s i s  done f o r  a much h i g h e r  r e l a x a t i o n  t i m e  of 18 y r .  
has  t h e  effect  of r o t a t i n g  t h e  curve  downwards a t  short  t i m e s  and 
upwards a t  long  t i m e .  While a t  short  t i m e s ,  it p a s s e s  through t h e  

error  bars of t h e  PA and Fp p o i n t s  which may sugges t  a s u i t a b l e  
f i t ,  t h e  long  t i m e  p r e d i c t i o n  appears  t o  over -es t imate  t h e  s t r a i n  
ra te  data, wi th  a clear except ion of CP.  One may aga in  a t t empt  t o  
salvage t h i s  f i t  by u s i n g  a l a r g e r  H,  which would indeed  h e l p  i n  
t h e  l o n g  t i m e ,  b u t  would t h e n  aggravate t h e  s h o r t  t i m e  f i t .  The 

above a t t e m p t s  t o  s t u d y  t h e  effects of va ry ing  t, s u g g e s t s  t h a t  t, 
shou ld  be bounded by a lower l i m i t  of 6 y r .  and an upper  l i m i t  of 
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18 y r .  The best f i t s  appear  t o  be i n  t h e  range of 1 0  t o  1 4  y r .  

A s tudy  of t h e  effect  of varying t h e  p l a t e  t h i c k n e s s  from t h e  

reference va lue  of 22.5km was a l s o  carried o u t .  These r e s u l t s  a r e  
a l s o  p l o t t e d  i n  f i g u r e  6a and show an upper va lue  of 30km (which 

p u t s  t he  p r e d i c t i o n  on the  low s i d e  compared t o  d a t a )  and a lower 
va lue  of 15km (which p u t s  t h e  p r e d i c t i o n  on t h e  h igh  s i d e ) .  Again 
one may a t tempt  t o  improve t h e s e  f i t s  by changing t h e  r e l a x a t i o n  
t i m e ,  bu t  t h i s  always r e s u l t s  i n  improving one p a r t  of the curve a t  
t h e  c o s t  of making the o t h e r  p a r t  much worse because  of t h e  

r o t a t i n g  effect  as d iscussed  e a r l i e r .  Thus t he  f i t t i n g  of t h e  d a t a  
seems t o  c o n s t r a i n  bo th  t, and H; s i g n i f i c a n t  a l t e r n a t i o n s  of one 
of t h e  two from t h e  va lue  for our  good f i t  r e f e r e n c e  curve cannot 
be compensated f o r  by a l t e r a t i o n  of the  o t h e r .  

W e  have a l s o  ana lyzed  t h e  case fo r  t h e  locked  zone L = l l k m .  

T h e  r e s u l t s  show a good f i t  with t r = 1 4 k m  and H=20km, shown a s  t h e  
t h i c k  s o l i d  reference curve i n  f i g u r e  6b. I n  t h i s  f i g u r e  w e  have 
a l s o  shown t w o  f i t s  of varying H up t o  27.5km and down t o  12.5,  
which somewhat b racke t  the  da ta  p o i n t s .  Again, w e  conclude t h a t  

I l a r g e  var ia t ions of t, o r  H from t h e  r e f e r e n c e  va lues  cannot  g ive  
good f i t s  f o r  t he  reasons given i n  t he  previous  paragraphs.  

S ince  displacement  r a t e  p r o f i l e  p r e d i c t i o n s  w i l l  be  performed 
f o r  v a r i o u s  selected l o c a t i o n s  i n  t h i s  pape r ,  it would be of 
i n t e r e s t  t o  g a i n  some i n s i g h t  i n t o  t h e  i n f l u e n c e  of t h e  model 
parameters  on t h e  p r e d i c t e d  p r o f i l e s .  . For t h i s  purpose,  t h e  same 

set of parameters  used f o r  the s t r a i n  rate decay s tudy  i n  f i g u r e  6a 
w a s  employed t o  compute t h e  corresponding s u r f a c e  displacement  r a t e  
p r o f i l e s  f o r  a t y p i c a l  'contemporary'  t i m e ,  t = 100 y r ,  and t h i s  

r e s u l t  i s  shown i n  f i g u r e  7a. It  shows t h a t  t h e  displacement  r a t e  
g e n e r a l l y  i n c r e a s e s  ( i n  abso lu t e  va lues )  w i t h  a h i g h e r  r e l a x a t i o n  
t i m e  t, and a smaller l i t h o s p h e r i c  t h i c k n e s s  H,  a t  l e a s t  f o r  t h i s  

l a t e  (more than  60% o f )  c y c l e  t i m e .  T h e  v a r i a t i o n  of locked zone 
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depth may a l so  a f f e c t  t he  displacement ra te  p r o f i l e s ,  a l though t h e  
effect  i s  r a l a t i v e l y  s m a l l  by varying L=6km t o  L=12km, as i s  shown 
i n  f i g u r e  7b. 

Combination of e q s .  (1) and ( 2 )  shows t h a t  t h e  c u r v a t u r e  
a26/ay2 of a p l o t  of  6 v e r s u s  y i s  p r o p o r t i o n a l  t o  the  r a t e  of 
change 2, of mantle  drag stress on the base of t h e  p l a t e .  That is ,  
it i s  p r o p o r t i o n a l  t o  t h e  l o c a l  rate of loading  of t h e  p l a t e .  The 
p l o t s  i n  F i g .  7 show GS rather t h a n  6 b u t  t h e  t w o  are v i r t u a l l y  
i n d i s t i n g u i s h a b l e  f o r  y > H .  T h e  fact  t h a t  t h e  p l o t s  i n  F ig .  7 

s t i l l  show apprec iab le  curva ture  out  t o  d i s t a n c e s  of o rde r  3 H  ( the 

p l o t s  a l l  asymptote t o  a common l e v e l  Vp,/2 = 17.5 m / y r  as y +-) 

show t h a t  t he  r eg ion  of base loading is  very  broad. T h i s  is i n  
sharp  d i s t i c t i o n  t o  t h e  case discussed i n  Appendix B and, w e  argue, 
j u s t i f i e s  o u r  approximat ions  embodied i n  e q s .  (5) and ( 1 2 )  i n  
a n a l y s i s  of the edge cracked s t r ip .  

L e t  u s  summarize as f o l l o w s .  I f  on t h e  b a s i s  of t y p i c a l  
r u p t u r e  nuc lea t ion  depths  we assume t h e  locked zone depth L = 9 km, 

and take Vpl = 35 mm/yr and T,, = 160 yr ,  t hen  t h e  d a t a  of F ig .  6 on 
t i m e  dependent  s t r a i n i n g  th roughou t  t h e  e a r t h q u a k e  c y c l e  i s  
s e n s i b l y  f i t  by  assuming a l i t h o s p h e r e  t h i c k n e s s  H = 20 t o  25 km 
and a r e l a x a t i o n  t i m e  t, = 10 t o  14 y r .  S u b s t a n t i a l  d e v i a t i o n s  of 
H and t, from t h e s e  ranges were shown t o  not  a l low accep tab le  f i t s  
t o  t h e  d a t a .  S i m i l a r l y ,  assuming L = 11 ‘ k m  t o  accoun t  
approximately f o r  t h e  expected upward motion of t h e  base  of the. 

locked zone du r ing  t h e  cyc le ,  i . e . ,  an e f f e c t i v e  L g r e a t e r  t han  a 
t y p i c a l  nuc lea t ion  depth,  t h e  da ta  i s  s e n s i b l y  f i t  by assuming H = 

1 7  t o  23 ‘ k m  and t, = 12 t o  16  y r .  
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It i s  u s e f u l  t o  compare t h e  i n f e r r e d  H and t, va lues  t o  some 
c o n s t r a i n t s  o b t a i n e d  from o t h e r  o b s e r v a t i o n s .  T h i s  p rov ides  some 
conf idence  i n  o u r  model p r e d i c t i o n s  and sheds l i g h t  on t h e  l a r g e r  
t e c t o n i c  i m p l i c a t i o n s  of our  r e s u l t s .  

A w i d e  range of l i t h o s p h e r e  t h i c k n e s s  v a l u e s  have been assumed 

i n  p r e v i o u s  s t u d i e s .  Averages of o c e a n i c  and  c o n t i n e n t a l  
l i t h o s p h e r e  t h i c k n e s s e s  suggested by Stacey  (1977) come t o  about 90 
km, whereas Anderson (1975)  used a 50 km ocean ic  l i thosphere and 
Lehner e t  a l .  (1981) used a 75 km average l i t h o s p h e r e  f o r  g e n e r i c  
i l l u s t r a t i o n  of v i s c o e l a s t i c  coupl ing effects w i t h i n  t h e  Elsasser 
framework. I n  a r e c e n t  re -eva lua t ion  of i sos ta t ic  rebound a t  Lake 

Bonnevi l le ,  Nakiboglu and Lambeck (1983) used 28 t o  30 km. 

A t  t h e  o the r  ex t reme,  and s p e c i f i c a l l y  f o r  a l i t h o s p h e r i c  
t h i c k n e s s  a l o n g  t h e  San Andreas f a u l t ,  Thatcher (1983)  s u g g e s t s  
t h a t  t h e  e l a s t i c  l i t h o s p h e r e  may have a t h i c k n e s s  of on ly  1 0  km.  

T h i s  w a s  motivated by an  a t tempt  t o  r a t i o n a l i z e  t h e  same data as 
i n  F i g u r e  6, a l though o u r  work here based on what w e  t h i n k  t o  be a 
p h y s i c a l l y  more va l id  model, without a r t i f i c a l  k inemat ic  impos i t ion  
of deep f a u l t  s l i p ,  shows c l e a r l y  t h a t  t h e  data i s  compatible  wi th  
much th icker  va lues ,  17 t o  25 km. F u r t h e r ,  T u r c o t t e  e t  a l .  (1984) 
p o i n t e d  o u t  t h a t  T h a t c h e r ' s  t h i n  l i t h o s p h e r e  would r e q u i r e  a 
s i g n i f i c a n t l y  higher h e a t  f l o w  t han  t h e  r e l a t i v e l y  h igh  va lue  found 
over  a broad reg ion  nea r  t h e  San Andreas f a u l t ,  and t h e y  sugges ted  
a 30 k m  t h i c k  three l a y e r  l i t h o s p h e r e  model which t h e y  coupled t o  
t h e  deeper  surroundings by an Elsasser approximation.  T h e i r  middle 
l a y e r  w a s  i n t e n d e d  t o  r e p r e s e n t  a n  i n t r a c r u s t a l  a s t h e n o s p h e r e .  
However, a d e f i c i e n c y  of t h e i r  model l ing  i s  t h a t  t h e y  inc luded  no 
account  of ongoing aseismic s l i p  on the  downward c o n t i n u a t i o n  of 
t h e  locked seismic zone. Thus, w h i l e  T u r c o t t e  e t  a l .  (1984) showed 



t h a t  t h e y  could choose parameters of t h e i r  l a y e r  model t o  f i t  t h e  

s o r t  of time-dependence of s t r a i n  n e a r  t h e  f a u l t  t race shown i n  
Figure 6, w e  expect  t h a t  i n  t h e  absence of the  s t r a i n  concent ra t ing  
effect  of deep s l i p  a t  t h e  p l a t e  margin t h e i r  model would no t  
describe adequately t he  v a r i a t i o n  of s u r f a c e  s t r a i n  or displacement  
rate w i t h  d i s t a n c e  from t h e  f a u l t  t r a c e .  They d i d  not  show r e s u l t s  
f o r  w h a t  t h e i r  model implied about such v a r i a t i o n s .  

F i n a l l y ,  T s e  e t  a 1  (1985) have modelled geode t i c  d a t a  from t h e  

P a r k f i e l d  reg ion  and a d j a c e n t  c e n t r a l  C a l i f o r n i a  c reep ing  segment 
of t h e  San Andreas f a u l t  by a model s i m i l a r  t o  what w e  examine 
here, invo lv ing  e las t ic  p l a t e s  locked over  p a r t  of t h e  depth range 
a t  t h e  p l a t e  margin, bu t  f r e e l y  s l i p p i n g  elsewhere. They assume a 
stress f ree  base  f o r  t h e  p l a t e s  and t h u s  l o a d  t h e  system by 
remotely a p p l i e d  fo rces ,  as i n  t he  Turco t t e  and Spence (1974)  crack 
model l ing,  bu t  allow t h e  geometry of t h e  locked l igament  t o  vary 
a long  s t r i k e  and t o  n o t  e x i s t  a t  a l l  w i th in  t h e  c e n t r a l  reg ion  of 
t h e  c reep ing  zone. They show t h a t  t h e  f i t  t o  d a t a  i s  b e t t e r  w i t h  H 

i n  t h e  30 t o  40 km range than  fo r  l a r g e r  va lues ,  b u t  d i d  not  
examine smaller v a l u e s .  Thus w e  can  i n t e r p r e t  t h e i r  work a s  
sugges t ing  t h a t  H i s  less than approximately 40  km. 

Evident ly ,  t h e  l i t h o s p h e r e  t h i c k n e s s  va lues  of o r d e r  1 7  t o  25 
km t h a t  w e  i n f e r  are not  incompatible  w i t h  o t h e r  s t u d i e s .  F u r t h e r ,  

these t h i c k n e s s e s  are comparable t o  o r  less t h a n  r e p r e s e n t a t i v e  
c r u s t a l  t h i c k n e s s e s ,  i n  t h a t  Oppenheimer and Eaton (1984) i n f e r  a 
Moho d e p t h  s l i g h t l y  above 2 4  k m  fo r  t h e  n o r t h e r n  San Andr'eas 
between t h e  PA (Po in t  Arena )  and CP ( C a r r i z o  P l a i n )  symbols i n  
F igure  5, w i t h  a th i cken ing  towards 2 6  k m  w i t h i n  approximately 50 

k m  of t h o s e  two p o i n t s  and a modest t h i n n i n g  towards 2 3  k m  a t  PR 

(Po in t  Reyes) .  T h e  t e c t o n i c  s i g n i f i c a n c e  of t h i s  obse rva t ion  i s  
t h a t  t h e  v i s c o e l a s t i c  as thenosphere which e n t e r s  our  model l ing must 

be presumed t o  correspond t o  t h e  lower p o r t i o n s  of  t h e  c r u s t  and 
perhaps a crust-mantle  t r a n s i t i o n  zone. 
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There may, of course,  a l so  e x i s t  benea th  the  San Andreas f a u l t  
r eg ion  a classical  deep asthenosphere l y i n g  benea th  a more e las t ic  
l a y e r  of upper mantle material, b u t  w e  t e n t a t i v e l y  conclude t h a t  it 
i s  a lower c r u s t a l  a s thenosphe re  r a t h e r  t h a n  t h a t  i n t r a - m a n t l e  
a s thenosphe re  which c o n t r i b u t e s  t o  t i m e  v a r i a t i o n s  i n  t h e  c r u s t a l  
deformation ra te  throughout  t h e  San Andreas ear thquake  c y c l e .  W e  

remark now and w i l l  r e t u r n  t o  t h e  obse rva t ion  from Oppenheimer and 
Eaton (1984) t h a t  t h e  c r u s t a l  t h i ckness  decreases towards t h e  ocean 
( i . e . ,  sou thwes t )  side of t h e  San Andreas f a u l t ,  and i n c r e a s e s  
toward t h e  c o n t i n e n t a l  s ide.  Near P o i n t  Reyes, t h i s  occu r s  a t  a 
steep rate  of about  1 .2  km change i n  c r u s t a l  t h i c k n e s s  per 1 0  km 

d i s t a n c e  p e r p e n d i c u l a r  t o  t h e  f a u l t  ( b u t  t h e y  show t h i c k n e s s  
contour  l i n e s  on ly  on t h e  c o n t i n e n t a l  side there and i n d i c a t e  t h a t  
t h e  u n c e r t a i n t i e s  are greater than  e l sewhere ) ,  and more t y p i c a l l y  
a t  a ra te  of 0 . 6  t o  0 .8  km change i n  c r u s t a l  t h i c k n e s s  p e r  1 0  k m  

p e r p e n d i c u l a r  d i s t a n c e .  One i n f e r s ,  s p u r r e d  on by some p u z z l i n g  
geodetic o b s e r v a t i o n s  of P r e s c o t t  and  Yu (1986)  t o  be d i s c u s s e d  
s h o r t l y ,  t h a t  t o  t h e  ocean s i d e  of t he  San Andreas n e a r  P o i n t  
Reyes, t h e  a l r e a d y  t h i n  c r u s t  may p o s s i b l y  become too  t h i n  (hence 
too  cool a t  i t s  base) t o  s u s t a i n  a c r u s t a l  a s t h e n o s p h e r i c  l a y e r  
nea r  its bottom. 

An i n i t i a l l y  u n e x p e c t e d  c o n s e q u e n c e  of t h e  i n f e r r e d  
as thenosphere  l o c a t i o n  i n  t h e  lower c r u s t  i s  t h a t  t h e  Elsasser type  
approx ima t ion  fo r  t h e  v i scoe las t ic  c o u p l i n g  becomes y e t  more 
s u i t a b l e  s i n c e  t he  r e l a x a t i o n  would t h e n  s e e m  t o  be conf ined  t o  a 
r e l a t i v e l y  t h i n  channel .  

T h e  r e l a x a t i o n  t i m e  t, is p r o p o r t i o n a l  t o  H q / h G ,  and there i s  
c o n s i d e r a b l e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  an  a p r i o r i  choice of a 
s u i t a b l e  a s t h e n o s p h e r i c  v i s c o s i t y  and d e p t h  scale h o v e r  which 

v e l o c i t y  g r a d i e n t s  occur  i n  viscous r e l a x a t i o n .  Previous  a t t e m p t s  
t o  estimate q have g e n e r a l l y  assumed t h a t  t h e  a s t h e n o s p h e r e  
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involved is of the classical intra-mantle type and are of uncertain 
relevance if a thin lower crustal asthenosphere is the correct 
picture. Nevertheless, with regard to ‘ll, Nur and Mavko (1974) 
inferred 5 x 10l8 Pa-s from post seismic relaxation whereas 
Thatcher and Rundle (1979) and Thatcher et a1 (1980) suggested 
values of 4 x lo1’ Pa-s and 1 x lo1’ Pa-s, respectively, for 
post-seismic lithosphere rebound at underthrust zones. Walcott 
(1973) inferred 5 x lo1’ Pa-s from isostatic rebound data at Lake 
Bonneville, and a recent reevaluation of that case by Nakiboglu and 
Lambeck (1983) suggested T l  = 1.5 to 3.4 x lo1’ Pa-s when a 28 to 30 
km elastic plate is assumed to lie over a uniform viscoelastic 
half-space, and 2.1 to 5.8 x lo1’ Pa-s when the plate lies over a 
100 km thick channel asthenosphere. 

The crustal shear modulus near the San Andreas is G = 35 GPa, 
based on the average p-wave velocity of 6.0 km/sec (Oppenheimer and 
Eaton, 1984) and assuming a Poisson ratio of 0.25 and specific 
gravity of 2.9. Thus, the relaxation time t, = 13 yr (middle of 10 
to 16 yr range) implies = 2.3 (h/H) x lo1’ Pa-s. We have 
inferred that H = 17 to 25 km. Using H = 21 km and, since the 
asthenosphere is assumed to be confined to the lower crust and 
crust-mantle transi‘tion zone, assuming that h may range from 2 to 
10 km, we conclude that viscosities of 2 x 10” Pa-s to lo1’ Pa-s 
are implied. These are in a range compatible with other estimates 
as just summarized. We have no independent check on their 
suitability or, indeed, on the adequacy of a linear 
characterization of viscoelastic response. 

el s t r u  and -ent r a m  

Here we compare our model predictions, based on the parameters 
already chosen, to data other than that used to constrain the 
parameters. The data consists of geodetically measured 
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contemporary f a u l t  p a r a l l e l  su r f ace  displacement rate prof i les  as a 
f u n c t i o n  of d i s t a n c e  f r o m  t h e  San Andreas f a u l t ,  a t  t h r e e  l o c a t i o n s  
a l o n g  t h e  f a u l t ,  and  contemporary s t r a i n  ra tes  averaged over 
v a r i a b l e - s i z e d  areas a t  one l o c a t i o n .  Within t h e  c o n t e x t  of a 
model t h a t  i n v o l v e s  uniform cond i t ions  a long  s t r ike ,  and symmetry 

re la t ive t o  the  s i n g l e  f a u l t  s t r a n d  r e p r e s e n t i n g  t h e  San Andreas i n  
o u r  s u r f a c e  plate ,  w e  b e l i e v e  t h a t  t he  comparison of p r e d i c t i o n  t o  

d a t a  here i s  s u p p o r t i v e  of o u r  model. Nevert he l e  s s , t h e  
d isp lacement  rate p r o f i l e s  a t  p a r t i c u l a r  l o c a t i o n s  a l o n g  s t r i k e ,  

c o n s t r u c t e d  from data for  i n d i v i d u a l  geodetic markers, are s t r o n g l y  
affected by local  c o n d i t i o n s .  Sometimes t h e s e  sugges t  pronounced 
asymmetry of material properties o r  geometry re la t ive t o  t h e  San 
Andreas and show t h e  effects of a d j a c e n t  f a u l t  s t r a n d s .  Also, t h e  

data i n c l u d e  f e a t u r e s  t h a t  sugges t  large non-un i fo rmi t i e s  a long  
s t r i k e  or ,  perhaps  i n s t e a d ,  i naccurac i e s  r e l a t i n g  e i ther  t o  marke r  
i n s t a b i l i t y  r e l a t i v e  t o  t h e  c r u s t  b e l o w  o r  t o  s y s t e m a t i c  

measurement e r ror .  I n  one case, w e  n o t e  changes  i n  model 
pa rame te r s  which would improve t h e  f i t ,  b u t  t h i s  i s  n o t  always 
feasible  w i t h i n  t h e  symmetry o f  o u r  model r e l a t ive  t o  t h e  San 

Andreas f a u l t .  

Palmdale area (po in t  PD i n  f igure  5 and f i g u r e  8 and 9 ) :  

T h e  d i sp l acemen t  r a t e  (average  veloci t ies ,  1973-1983) d a t a  
w a s  deduced by King and Savage (1984) f o r  11 of t h e  s t a t i o n s  i n  
F i g u r e  8,  f r o m  l i n e  l e n g t h  measurements  u s i n g  t h e  " o u t e r  
c o o r d i n a t e "  s o l u t i o n  method which minimizes t h e  r m s  d i sp lacement  
normal t o  t h e  San Andreas f a u l t .  Based on t h e  l i n e  l e n g t h  changes, 
King and  Savage concluded  t h a t  there  w a s  no clear ev idence  of 
s u r f a c e  f a u l t  s l i p  i n  t h e  Tehachapi r e g i o n .  Th i s  data set  has a 
r e l a t i v e l y  large scat ter ,  and i s  p l o t t e d  i n  f i g u r e  8 w i t h  t h e  

d i s p l a c e m e n t  ra te  z e r o e d  on t h e  San Andreas f a u l t .  T h e  two 
theoret ical  cu rves  shown are based on t h e  pa rame te r s  of t he  best 
f i t s  t o  t h e  s t r a i n  ra te  decay d a t a  set shown i n  f i g u r e  6a and 6b .  
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They are  computed a t  t = 1 2 3  y r  (1857 + 123 = 1980) ,  w i th in  t h e  

t i m e  p e r i o d  when t h e  t i m e  measurements were made. Within t h e  

sca t te r  of data,  t h e s e  parameters  g i v e  a p p a r e n t l y  r e a s o n a b l e  
p r e d i c t i o n s  t o  displacement  r a t e  p r o f i l e s  i n  t h e  Palmdale a r e a .  
The d a t a  i s  probably a f f e c t e d  by t h e  presence of t h e  Garlock f a u l t .  
King and Savage f i t  it with a b u r i e d  screw d i s l o c a t i o n  model and 
conclude t h a t  a s l i g h t l y  better f i t  i s  obta ined  i f  they  assume deep 

s l i p  on t h e  Garlock f a u l t  ( a t  s l i g h t l y  less than  h a l f  the ra te  t h e y  
i n f e r  on t h e  San Andreas) ,  r a t h e r  t h a n  s l i p  on t h e  San Andreas 
on ly .  T h e i r  i n f e r r e d  locking  depth i s  a poor ly  r e so lved  15 t o  20 
km, which w e  r e g a r d  as ques t ionab le  on seismic grounds and, i n  
l i g h t  of ou r  r e s u l t s  w i t h  much sha l lower  l o c k i n g  depths ,  probably 
due t o  shortcomings of t h e  bu r i ed  d i s l o c a t i o n  model which w e  have 
d i scussed .  

The s t r a i n  ra te  averaged over va r ious  sub-nets  of t h e  network 
shown i n  F igu re  8 (see f i g u r e s  5 and 6 of King and Savage f o r  
l o c a t i o n s  of t h e  sub-nets) w a s  c a l c u l a t e d  by King and Savage ( 1 9 8 4 )  
and i s  l i s ted  i n  Table 1. Also l i s t e d  i s  d a t a  f o r  t h e  L o s  Padres  
geode t i c  network, l y i n g  j u s t  t o  the  NW of t he  reg ion  shown i n  F ig .  
8 and most ly  t o  t h e  ocean s i d e  of t h e  San Andreas (Savage, 1983) ,  
as  summarized by M c G a r r  e t  a l .  (1982) .  W e  have c a l c u l a t e d  the  

corresponding s t r a i n  rate f r o m  our model u s ing  t h e  same t w o  sets of 
parameters  mentioned ea r l i e r .  The c a l c u l a t i o n  was done based on 
t h e  c e n t r o i d a l  d i s t a n c e  of t h e  n e t  f r o m  t h e  San Andreas f a u l t  
( p o s i t i v e  on c o n t i n e n t a l  side) and t h e  r o o t  mean squa re  d i s t a n c e  
( A Y )  r m s  of t h e  s t a t i o n s  i n  t h e  n e t ,  as g iven  by M c G a r r  e t  a l .  
(1982) ,  and these va lues  are also given  i n  Table  1. The s t r a i n  
rate c a l c u l a t i o n s  were based on a procedure a t t r i b u t e d  t o  Savage by 
McGarr e t  a l . ,  u s ing  
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They implemented t h i s  formula w i t h  t h e  buried screw dis locat ion 
model. 

Our r e s u l t s  based on our sets of reference parameters a r e  
tabulated a s  +(a)  fo r  t h e  L=9km case and +(b) for  the  L = l l k m  case. 
These ca lcu la ted  r e s u l t s  a r e  seen t o  be on the  high s ide  when 
compared t o  t h e  observed s t r a i n  r a t e .  However, we have not 
attempted t o  f i t  t h i s  s e t  of s t ra in  data, and t h e  comparison can 
be improved by varying t h e  model parameters. Owing t o  t h e  
uncertain e f f e c t  of t he  Garlock f a u l t ,  it i s  not c l e a r  t h a t  a 
f i t t i n g  i s  j u s t i f i e d .  Nevertheless, Figures 7a and b show how 
slopes of t h e  displacement ra te  prof i les ,  i . e . ,  the  s t r a i n  ra tes ,  
can be a l t e r ed  by var ia t ion of L, H, and t,, and, of course, the 

curves shown a l l  have amplitude d i r e c t l y  proportional t o  V,,. We 
show as j ( c )  i n  Table 1 t h e  r e su l t  which correspond t o  V,, = 32 
mm/yr, L = 9 km, H = 25 krn, t, = 1 2  y r ,  and T,, = 1 6 0  y r  j u s t  t o  
emphasize tha t  a good f i t  i s  possible w i t h  a locked depth tha t ,  we 
have argued, can be j u s t i f i e d  on seismological and mater ia l  
property considerations. In comparison, McGarr e t  a1 (1982)  f ind 
t h a t  w i t h  the  buried screw dislocation model t he  data  implies a 
locked depth, again poorly constrained, around 22 km.  

W e  may note a l s o  t h a t  t h e  buried screw dis locat ion f i t s  of 
King and Savage and McGarr et a l .  imply contemporary deep s l i p  a t  
r a t e s  of order 20  t o  25 mm/yr. Our modelling shows t h a t  while 
points  a t  the  base of the  surface p l a t e s ,  f a r  removed from the  
f a u l t  t race ,  have r e l a t i v e  motion a t  r a t e s  of Vpl = 35 mm/yr, the  
average contemporary s l i p  ra te  on t h e  f r e e l y  s l i pp ing  deeper 

portion of our f a u l t  zone, 2 [ H / ( H - L ) ] b ( O + , t ) ,  i s  only of order 4 . 9  
t o  6 . 4  mm/yr. The reason fo r  t h i s  great difference w i l l  be evident 
from f igures  3b, 4 and 7 :  a t  large times since the l a s t  earthquake 
the  average deep s l i p  r a t e  diminishes considerably, but t h e  
accommodating region of the asthenosphere broadens out t o  several  
times the  p la te  thickness. 
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Point Reyes area (point PR i n  Figure 5 and Figures 10 and 11): 

Data fo r  the  period 1972-1982 from geodetic networks a t  Point 
Reyes (38.1°N), Santa Rosa ( 3 8 . 3 O N )  and Napa (38.0ON) was analyzed 
by Prescot t  and Yu ( 1 9 8 6 ) ,  updating data  given previously by 
Prescot t  e t  a1 ( 1 9 7 9 ) .  These networks a re  shown i n  Figure 1 0 .  

Because of t h e  proximity i n  l a t i t u d e  of t h e  t h r e e  mentioned 
locations, the displacement ra te  values from these networks provide 
a p ro f i l e  of f au l t  pa ra l l e l  ra te  as a function of distance f r o m  the 
San Andreas. Figure 11 shows the component of surface displacement 
r a t e  p a r a l l e l  t o  t h e  f a u l t  trace, as compared t o  data assembled for  
a l l  s t a t i o n s  of each network by Prescott  and Yu ( 1 9 8 6 ) .  Their 
displacement data i s  analyzed as i n  Prescot t  (1981)  , i n  t h a t  a 
r i g id  body rotat ion has been chosen so as t o  mimimize displacements 

perpendicular  t o  t h e  f a u l t  t r a c e .  We have added a r i g i d  
t r a n s l a t i o n  t o  t h e  data of Prescott and Yu (1986)  so t h a t  zero 
f a u l t - p a r a l l e l  displacement occurs a t  t h e  San Andreas. The 
t r iangles  a re  from the Geyser network t o  the north (Figure 1 0 ) .  

Our t heo re t i ca l  curves shown i n  Figure 11 w i t h  t h i s  data use 
the same s e t s  of best  f i t  parameters a s  deduced from the s t r a i n  
r a t e  decay f i t  ( f igure  6a,b heavy s o l i d  curves) .  That i s ,  the  
parameters a re  chosen independently of the P t .  Reyes area data s e t .  

The p r o f i l e s  a re  computed a t  t=73 y r .  (1906+73=1979), w i t h i n  the 
time period when the  l i n e  length measurements were made. The 
predicted p ro f i l e s  appear t o  match the  observed displacement r a t e s  

very w e l l  on the  NE side of the f a u l t  up t o  distances beyond the 
Rogers Creek f a u l t  extending t o  y = 4 0  km.  Beyond the West Napa 
f a u l t ,  however, t he  data show c l ea r  deviation w i t h  higher r a t e s  
than the  predicted prof i les .  T h i s  may r e f l ec t  accommodation of the 
par t  of t he  55 mm/yr overal l  plate  motion n o t  a t t r i bu tab le  t o  the 
San Andreas. Similarly, while the predicted p ro f i l e s  match the t w o  

data points close and t o  the SW of the San Andreas, the other data 
points corresponding t o  the  Point Reyes Head and Farallon Islands 
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s t a t i o n  ve loc i t i e s  show m a r k e d  d e v i a t i o n  from a n  asymmetr ic  
displacement  ra te  f i e l d  about  t he  San Andreas. W e  cannot  judge t h e  

r e l i a b i l i t y  of t h e  data.  As P r e s c o t t  and Yu (1986) note ,  i f  v a l i d ,  
t h e y  sugges t  ve ry  much smaller shear s t r a i n  rates t o  the  S W  of the  

f a u l t  t h a n  t o  t h e  NE. 

W e  have observed  ear l ie r  t h a t  o u r  r e l a x i n g  a s thenosphe re  i s  
i n f e r r e d ,  by f i t s  t o  t h e  s t r a i n  ra te  decay data, t o  l i e  i n  t he  

lower c r u s t .  F u r t h e r ,  t h e  s e i s m i c a l l y  i n f e r r e d  c r u s t a l  t h i c k n e s s  
by Oppenheimer and Eaton (1984) sugges t  t h a t  t h e  c r u s t  i s  a l r e a d y  
s l i g h t l y  t h i n n e r  n e a r  P o i n t  Reyes t h a n  elsewhere a long  t h e  no r the rn  
San Andreas f a u l t  and seems t o  be d imin i sh ing  i n  t h i c k n e s s  a t  an 
u n u s u a l l y  high ra te  as one moves towards t h e  f a u l t  from t h e  NE 

s i d e .  Thus, t h e  p o s s i b i l i t y  a r i ses  t h a t  t h e  c r u s t  becomes 
s u f f i c i e n t l y  t h i n  on t h e  SW side n e a r  P o i n t  Reyes t h a t  i t s  (now 
shallow) lower r e g i o n s  are t o o  cold t o  al low v i s c o u s  r e l a x a t i o n .  
T h i s  l i n e  of argument sugges t s  t h a t  t h e  c r u s t a l  as thenosphere  may 
g e t  pinched off t o  t h e  SW side of  t he  f a u l t ,  so t h a t  t h e  e f f e c t i v e  
l i t h o s p h e r i c  t h i c k n e s s  becomes much g r e a t e r  on t h a t  s ide and 
whatever deeper  r e l a x a t i o n  occurs t h e r e  takes p l a c e  i n  a classical 
s o r t  of i n t r a - m a n t l e  a s thenosphe re .  T h i s  s h o u l d  r e s u l t  i n  a 
pronounced asymmetry of s u r f a c e  s t r a i n i n g  re la t ive  t o  t h e  f a u l t  
trace, b u t  w e  do no t  y e t  know how t o  model it t o  compare a g a i n s t  
t h e  data.  Also, t h e  d i s c u s s i o n  i s  s p e c u l a t i v e  and d r i v e n  by t h e  

t w o  data p o i n t s  ( F a r a l l o n  I s l ands ,  P o i n t  Reyes Head) of u n c e r t a i n  
s i g n i f i c a n c e .  For example, ase ismic  undersea f a u l t  r e g i o n s  cannot 
be r u l e d  o u t  and could  in f luence  e i ther  data p o i n t .  

Prescott and Yu (1986) develop an  elaborate k inemat i ca l  model 
t o  f i t  t h e  data  based on a d i s t r i b u t i o n  of b u r i e d  screw 
d i s l o c a t i o n s  i n  a h a l f  space. Their p r e f e r r e d  d i s t r i b u t i o n  (model 
E i n  t h e i r  p a p e r )  i n v o l v e s  a p a i r  of  o p p o s i t e l y  s l i p p i n g  screw 
d i s l o c a t i o n s  a t  6 and  10  km below t h e  San Andreas,  so a s  t o  
accomplish s p a t i a l l y  uniform s l ip  a t  10 mm/yr over t h e  6 t o  1 0  k m  
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depth range, and t o  t h i s  t h e y  add an i n f i n i t e  number of 
in f in i tess imal ly  s l ipping screw dis locat ions ( i . e . ,  a continuous 
d is t r ibu t ion)  a t  1 0  km depth, spread out uniformly over the  50 k m  

l a t e r a l  distance from.the San Andreas t o  t h e  West Napa f au l t s ,  so 
as t o  sum t o  30 m / y r  t o t a l  motion. I n  comparison, our theore t ica l  
predict ions a s  shown i n  Fig. 11 suggest t h a t  the observed broad 
deformation p ro f i l e  between the San Andreas and West Napa f a u l t  may 
reasonably be interpreted as  the r e su l t  of ongoing mantle motion, 
toge ther  w i t h  l a t e r a l l y  spreading v i s c o e l a s t i c  asthenospheric 
re laxat ion from the great 1906 earthquake, taking place below an 
e l a s t i c  p l a t e  of order 20 km depth.  These f ea tu res  appear 
na tura l ly  i n  our physical (as  opposed t o  kinematical) modelling, 
based on parameters chosen from other data s e t s .  

Coachella Valley - Salton Sea Area (point CV i n  Figure 5 and 
Figures 1 2  and 13):  

These networks cover a rather complicated area, w i t h  the  San 
Jacinto f a u l t  and the  Elsinore f a u l t  running p a r a l l e l  t o  the San 
Andreas f a u l t ,  see Figure 1 2 .  These l i n e s  have been analyzed b y  

Savage (19831, who obtained displacement r a t e s  (averaged over 
1972-1981) as  shown i n  Figure 13. The computed p ro f i l e s  a re  based 
on the  same s e t  of parameters which best  f i t  the  s t ra in- ra te  decay 
data fo r  the whole San Andreas f a u l t  ( f igure 6a, b ) .  The p ro f i l e s  
a r e  calculated a t  94% of cycle time, assuming the  region has a 
relaxed foundation. However, the earthquake cycle time here i s  not 
known, although it is  s u r e l y  more than 160 y r .  The f i t s  a re  rather 
poor, as i s  perhaps a t t r i b u t a b l e  t o  t h e  inf luence  of t h e  

- -  

subpara l le l  f a u l t s  which e s sen t i a l ly  spread the  p l a t e  boundary 
deformation over a much broader zone. Even i f  we focus only on the 
data points  t o  the  eas t  of the San Andreas, t he  f i t s  a re  s t i l l  
unsa t i s fac tory .  Clearly, a simple f a u l t  model w i t h  asymmetric 
displacement r a t e s  cannot adequately desc r ibe  t h e  su r face  
deformation f i e l d  i n  a region w i t h  ac t ive sub-parallel f a u l t s ,  
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W e  have p resen ted  a phys ica l  model which a l lows  t h e  p r e d i c t i o n  
of s u r f a c e  s t r a i n  ra tes  and s u r f a c e  d i sp lacemen t  r a t e s  a t  a 
s t r i k e - s l i p  p l a t e  boundary. The major f e a t u r e s  of t h i s  model a r e  
t h a t  it involves  r e l a t i v e l y  t h i n  e las t ic  l i thospheric p l a t e s  (17 km 
t o  2 5  k m ) ,  locked between ear thquakes over  shal low depths  ( 9  t o  11 

km) a t  the  p l a t e  margin bu t  w i t h  cont inuing  aseismic s l i p  below the  
' locked zone, and t h a t  t h e  su r face  p l a t e s  a r e  coupled b y  a Maxwell 
v i s c o e l a s t i c  as thenosphere t o  upper mant le  motions compatible  w i t h  
o v e r a l l  p l a t e  motions.  The s u r f a c e  deformat ion  i s  shown t o  be 
l o c a l i z e d  t o  t h e  p l a t e  boundary ( t o  w i t h i n  approximate ly  three 

l i t h o s p h e r i c  p l a t e  t h i cknesses )  due t o  deep aseismic s l i p  below a 
locked  b r i t t l e  upper  c r u s t ,  modelled as s t a b l e  s h e a r  s l i d i n g  of 
crack f a c e s  a t  cons t an t  r e s i s t i v e  stress i n  t h e  an t i -p l ane  s t r a i n  
deformation of an edge cracked e l a s t i c  s t r i p .  

T h e  v i s c o e l a s t i c  coupl ing  i s  accomplished approximately by a 
g e n e r a l i z e d  Elsasser model which p rov ides  t h e  time-dependence of 

p l a t e  l o a d i n g  as w e l l  as t h e  t i m e  dependence of t h e  s u r f a c e  
displacement  and s t r a i n  rates fol lowing sudden s l i p s  of  t h e  locked 
zone. Thus t h e  complete  ear thquake c y c l e  is modelled as sudden 
s l i p  on t h e  sha l low locked  upper c r u s t  (which w i l l  p a r t i a l l y  
p e n e t r a t e  t h e  aseismic s h e a r  zone) d u r i n g  an  ear thquake ,  which 

loads  t he  asthenosphere.  T h i s  is  fol lowed by the  r e l a x a t i o n  of t h e  
a s thenosphe re  which r e l o a d s  t h e  s u r f a c e  p l a t e ,  and t h i s  l oad ing  
causes cont inuing  aseismic s l i p  below t h e  now locked zone. Because 
of  t h e  r e l a x a t i o n  e f f e c t  of t h e  a s t h e n o s p h e r e ,  t h e  s t r e s s  
accumulat ion and t h e  s u r f a c e  deformation rates a r e  non- l inear  i n  
t i m e  over  t h e  ear thquake  cyc le .  F i n a l l y  it should  be emphasized 
t h a t  w h i l e  t h e  San Andreas f a u l t  may accomodate an o v e r a l l  s l i p  

ra te  of 35mm/yr, t he  contemporary s l i p  r a t e  below t h e  locked zone 
may be  much sma l l e r  t han  35mm/yr. T h e  s u b s t a n t i a l l y  h ighe r  s l i p  
rate s h o r t l y  a f t e r  an ear thquake r u p t u r e  makes  up t h e  d e f i c i e n c y  
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and produces an average ra te  of 35mm/yr over the  ear thquake c y c l e .  

The e s s e n t i a l  parameters i n  t h e  model are t h e  p l a t e  v e l o c i t y  
( t ha t  part  of which i s  accomodated by t h e  San Andreas f a u l t ) ,  t h e  
locked zone depth,  t h e  s u r f a c e  p l a t e  t h i c k n e s s ,  t he  c y c l e  t i m e  and 
t h e  r e l a x a t i o n  t i m e  of t h e  m o d i f i e d  Elsasser a s t h e n o s p h e r i c  
f o u n d a t i o n .  By arguments  of p r e v i o u s  geologic,  geodet ic  and  
seismic s t u d i e s ,  w e  have assumed the  p l a t e  v e l o c i t y  t o  be 35mm/yr, 
the  c y c l e  t i m e  f o r  t h e  San Andreas as a whole t o  be 160yr, and t h e  

locked zone dep th  t o  be 9-11km. Thus t h e  on ly  free parameters  i n  
t he  model are t h e  l i thospheric  p la te  t h i c k n e s s  and t h e  r e l a x a t i o n  
t i m e  of t h e  f o u n d a t i o n .  The s t r a i n  ra te  data  f r o m  v a r i o u s  
l o c a t i o n s  of t h e  San Andreas f a u l t  collected by Thatcher (1983) 
p rov ides  t he  c o n s t r a i n t s  t o  t h e s e  parameters ,  and it i s  found t h a t  

t h e  p l a t e  t h i c k n e s s  cannot d e v i a t e  s i g n i f i c a n t l y  f r o m  17km t o  25km, 
w h i l e  t h e  r e l a x a t i o n  t i m e  f o r  t h e  f o u n d a t i o n  canno t  d e v i a t e  

s i g n i f i c a n t l y  from lOyr  t o  1 6 y r .  W e  c o n c l u d e  t h a t  t h e  
a s thenosphe re  a p p r o p r i a t e  t o  d e s c r i b e  c r u s t a l  deformat ion  on t h e  

ear thquake  c y c l e  t i m e  scale l i e s  i n  the  lower c r u s t  and perhaps i n  
t h e  crust-mantle  t r a n s i t i o n  zone and has an  effective v i s c o s i t y  
between abou t  2x101* and lo1’ Pa-s ,  depending  on t h e  t h i c k n e s s  
a s s i g n e d  t o  the  a s thenosphe r i c  l a y e r .  

T o  g a i n  f u r t h e r  i n s i g h t  i n t o  t h e  n a t u r e  of t h e  contemporary 
d i s t r i b u t i o n  of  s u r f a c e  deformation a t  t h e  San Andreas f a u l t ,  the  

model w i t h  parameters  cons t r a ined  as d e s c r i b e d  above has been used 
t o  p r e d i c t  t h e  s u r f a c e  displacement  ra te  and s u r f a c e  s t r a i n  r a t e  
p r o f i l e s  a t  s e v e r a l  locations along t h e  San Andreas where such d a t a  
has been ob ta ined  from repea ted  g e o d e t i c  l i n e  measurements. These 

i n c l u d e  t h e  geodetic n e t  from the  Palmdale area, f r o m  t he  P o i n t  
Reyes area, and f r o m  t h e  Coachel la  Val ley-Sal ton  sea area.  T h e  

r e s u l t s  i n d i c a t e  t h a t  good f i t s  t o  d a t a  can be ob ta ined ,  a l though  
t h e  s i m p l e  s i n g l e  f a u l t  geometry a s  c o n t a i n e d  i n  t h e  p r e s e n t  
v e r s i o n  of the  model c l e a r l y  cannot account  f o r  data contaminated 
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by motions on branch f a u l t s  or  by material p r o p e r t i e s  which are not  
d i s t r i b u t e d  symmetr ical ly  about t h e  San Andreas. 

T h e  model i s  seen  h e r e  t o  f i t  t h e  p r i n c i p a l  t y p e s  of g e o d e t i c  

data now available a l o n g . t h e  San Andreas, c o n s i s t i n g  of s t r a i n  ra te  
n e a r  t h e  f a u l t  t race  as a func t ion  of t i m e  s i n c e  t he  l a s t  g r e a t  
ea r thquake  as  assembled by Thatcher  (1983) , and of contemporary 
s u r f a c e  displacement  ra te  as a func t ion  of d i s t a n c e  from t h e  f a u l t  
t race.  Thus, w e  conclude t h a t  such g e o d e t i c  data does no t  require 
one t o  con templa t e  models i n v o l v i n g  an  e x t r e m e l y  t h i n  e l a s t i c  
l i t h o  sphere t h a t  t e r m i n a t e s  j us't below s e i  smogenic  d e p t h s  
(Thatcher, 1983) .  While Turcot te  e t  a1 (1984) w e r e  able t o  f i t  t h e  

San Andreas data of f i g .  6 f o r  is as a f u n c t i o n  of t i m e ,  u s i n g  
t h e i r  f o u r  l a y e r  model, it i s  n o t  y e t  clear whether t h e i r  model 
a l so  describes s u i t a b l y  t h e  contemporary is and Gs as a func t ion  of 
d i s t a n c e  f r o m  t h e  trace.  

Even w i t h  i t s  a p p a r e n t  successes ,  t he  model t h a t  w e  p r e s e n t  
here has e v i d e n t  l i m i t a t i o n s .  F o r  example, t he  aseismic shear zone 
a t  dep th  i s  assumed t o  creep-s l ip  under c o n s t a n t  r e s i s t i v e  stress. 
However, i n  r e a l i t y  it may be expec ted  t h a t  t h i s  zone s u p p o r t s  
l a r g e r  stresses j u s t  a f t e r  the ear thquake i n  t h e  shallow c r u s t  and 
t h e n  r e l a x e s  w i t h  t i m e ,  hence producing  a second s o u r c e  of t i m e  
dependence which i s  n o t  accounted f o r  i n  t h e  p r e s e n t  model. It  

seems p o s s i b l e  t o  i n c o r p o r a t e  t h i s  v i scous  shear effect  of t h e  deep 
aseismic shear zone approx ima te ly  by mod i fy ing  t h e  boundary 
c o n d i t i o n  (5)  f r o m  i t s  p r e s e n t  e l a s t i c  r e l a t i o n  between t h i c k n e s s  
average  stress and s l i p  t o  an  a p p r o p r i a t e  v i scoe las t ic  r e l a t i o n .  
However, based on shor t  t e r m  post-seismic deformat ion  o b s e r v a t i o n  
and model l ing i n  subduct ion zones, Thatcher  (1984) and Thatcher and  
Rundle (1984) suggested t h a t  t h e  r e l a x a t i o n  t i m e  fo r  t h e  deep shear 

zone i s  much shorter  t h a n  for  t h e  as thenosphere ,  t h e  former be ing  
on t h e  order of a y e a r  or l e s s  and t h e  l a t t e r  t e n s  of y e a r s .  
Hence, w e  may expec t  t h a t  ou r  present  r e s u l t s  would n o t  be a f f e c t e d  

\ 
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by t h i s  m o d i f i c a t i o n  if one  is mainly concerned  w i t h  l ong  t e r m  
i n t e r s e i s m i c  p l a t e  boundary  d e f o r m a t i o n  a n d  g e o d e t i c  d a t a  

i n t e r p r e t a t i o n ,  a s  w e  a r e  i n  t h i s  p a p e r .  Also, t h e r e  a re  
s i m p l i f y i n g  approx ima t ions  i n h e r e n t  i n  o u r  u s e  of t h e  E l s a s s e r  
foundat ion  concept  and Turcotte-Spence edge-cracked s t r i p  s o l u t i o n  
which could  be improved upon i n  f u t u r e  work. 
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W e  reproduce here t h e  governing equat ion  ( 4 )  

f o r  t h e  p a r t  of u t h a t  must respond t o  t h e  f irst  p e r i o d i c  sawtooth 
t e r m  i n  (6). This p a r t  i s  sub jec t  t o  t h e  boundary condi t ion  (5)  

w i t h  D g i v e n  by t h e  sawtooth .  I n t r o d u c i n g  t h e  normal ized  
parameters  

Y = y/Ji;, T = a t / p  = t/t,, 

h = G/2k& = (8/n2) I n  [ 1 / s i n  (RL/2H) ] 

( A l l  and (A21 become 

and 

h a u / a Y  - = -D/2  o n Y = O  

(A3 

(A4 

W e  f i r s t  look f o r  t he  s o l u t i o n  t o  t h e  fundamental  problem of a 
' p e r i o d  s l i p  f u n c t i o n  D = DoeiCUT and  l a t e r  super impose  a l l  
f r e q u e n c i e s  0 t o  f o r m  the  complete s o l u t i o n  t o  ou r  problem. L e t  

u ( Y , T )  = uo(Y)eioT. Then (A3) and ( A 4 )  become 
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x a u o / a Y  - uo - -  - D ~ / Z  

from which it may be shown t h a t  

on Y = O+ 

where 

a r c t a n  { h  N ( 0 ) / [ 1  + h M ( 0 ) ] }  

Hence, f o r  D ( T )  = I m  (Doeiwt) = Do s.i-n UT, 

u(Y,T) = [ D o / 2 B ( 0 ) ]  exp [ - M ( O ) Y I  s i n  [UT - N ( 0 ) Y  - W(0)l (A8) 

As t h e  p e r i o d i c  sawtooth func t ion  may be r e p r e s e n t e d  by an i n f i n i t e  
s i n e  series, t h e  s o l u t i o n  f o r  u (Y,T)  a lso takes t h e  f o r m  of a s i n e ’  
ser ies ,  made up of  fundamental  s o l u t i o n s  g iven  by (A8) w i t h  t h e  

a p p r o p r i a t e  f requency  0. The complete form of u(Y,T) i s  g iven  by 
e q u a t i o n  ( 7 ) .  For numer ica l  convergence, w e  have removed terms 
summing t o  known d i scon t inuous  f u n c t i o n s  of t i m e  (e .g . ,  sawtooths)  
from w i t h i n  t h e  summation s i g n s .  T h e  a c t u a l  e x p r e s s i o n  used fo r  

numer i ca l  computat ion i s  given below f o r  t h e  t h i c k n e s s  averaged  

displacement  rate:  
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n-1 

where 

-MnY -Y 
e e 

s i n  (v, + YN,) - - a"'B n l + h  

-MnY -Y - 
e e P, = - COS (v, + YN,) - - 
Bn l+h. 

on = 21cntr/Tcy 

and where Mn, N,, p,, B,, and vn are the  f u n c t i o n s  of 0 given  above 
e v a l u a t e d  a t  o = 0,. 

A l s o ,  f o r  t h i c k n e s s  averaged shear s t r a i n  rate, w e  u s e  

[ (1/6) - ( t / T  1 + ( t / T  12] - Rx 
CY CY 

n=l 
I 



where 
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1 e = - -  e -MnY [ N,COS (y,+NnY) - Mnsin (yn+NnY 1 
n 

"Bn 

-Y 
2 e  + - -  

"On l+h 

[Mncos Cy, + NnY) + Nn s i n  (vn + NnY) 3 - - 
l + h  E2 

yn 

Notice t h a t  a l l  t he  coefficients an, p,, 8, and yn of t h e  s i n e  and 
c o s i n e  t e r m s  i n  t h e  summations v a n i s h  as l / n 2  as n + = , w h i c h  

accelerates t h e  series convergence. Equat ions (A9) and (A10) are 
the  a c t u a l  e x p r e s s i o n s  used f o r  iiurnerical evzlluation of equa t ions  
( 1 2 )  and ( 1 3 ) .  
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W e  cons ide r  the  deformation of an e las t ic  p l a t e  of t h i c k n e s s  H 

w i t h  an  edge crack of l e n g t h  a (IH-L) , loaded a t  t h e  base of t he  

p l a t e  by  imposed displacement  r a t e  Vpl/2 for  y>O and -Vp,/2 f o r  y<O, 

a s  shown i n  F i g .  B 1 .  This  loading  c o n f i g u r a t i o n  r e p r e s e n t s  a n  
ex t reme case of  lithosphere/asthenosphere c o u p l i n g  where t h e  

e l a s t i c  l i t h o s p h e r e  i s  d r iven  b y  a r i g i d  founda t ion  moving a t  
uniform v e l o c i t y  c o n s i s t e n t  w i t h  t he  f a r  f i e l d  p l a t e  motion. W e  

s h a l l  c a l l  t h i s  t he  uniform base d r iven  model. 

Fo r  t h i s  extreme case ,  2-D e l a s t i c i t y  t h e o r y  l e a d s  t o  a 
govern ing  e q u a t i o n  f o r  t h e  only non-vanishing displacement  r a t e  
component w (y, z )  : 

v 2 w  = 0 

s u b j e c t  t o  the  boundary condi t ions  i n d i c a t e d  i n  F ig .  B1. 

The s o l u t i o n  t o  t h i s  boundary va lue  problem has been o b t a i n e d -  
by means of t h e  conformal mapping t echn ique  and t h e  d e t a i l s  are 
r e p o r t e d  e l sewhere  ( L i  and Lim,  unpubl i shed  manuscr ip t ,  1986) . 
Here w e  summarize t he  r e s u l t i n g  express ions  r e l e v a n t  t o  t h e  p re sen t  
d i scuss ion :  

(1) Displacement r a t e  i n  Body: 

where k = s i n  a 
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de 

i s  the  e l l i p t i ca l  i n t e g r a l  of the  1st k ind  

2 
p = R e  41 + t a n h  (y+iP)/ tan2a 

( 2 )  Surface displacement  r a t e  ( a t  z=H) 

2 2 
where h a d l  + coth y/tan a' 

( 3 )  S t r e s s  ra te  i n  body: 

( 4 )  Su r face  s t r a i n  ra te  ( a t  z=H) 
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W e  compare p r e d i c t i o n s  of s u r f a c e  deform - t i o n  ra te  f r o m  t h e  

e x a c t  s o l u t i o n ,  h e r e  c a l l e d  us(y)  , j u s t  ob ta ined  t o  t h a t  predicted 
from t w o  v e r s i o n s  of eq. (12) i n  t h e  t e x t :  

.E 

and 

where ; (y)  a g a i n  deno tes  t h e  th i ckness  average of w(y,z) and & ( y )  
i s  t h e  t h i c k n e s s  average of Zyx (y, z) . These comparisons, c a l c u l a t e d  
f o r  L = 0.25H, 0.5H and 0.75H a r e  shown i n  f i g u r e  B2.  I n  equa t ion  

(B6) and (B7), and b are t h i c k n e s s  ave rages  of displacement  and 
shear stress based on t h e  exac t  s o l u t i o n  and k i s  the  s t i f f n e s s  of 
eq. (5). When t h e  edge  c racked  s t r i p  i s  loaded by  s u r f a c e  
t r a c t i o n s  t h a t  act  remotely from the  crack s e c t i o n ,  &(O)  = 2k;(0+) 

so  t h a t  v e r s i o n s  A and B are e q u i v a l e n t .  I n  t he  p r e s e n t  case, 
however, owing t o  t h e  i n p o s i t i o n  of d isp lacements  d i r e c t l y  a t  t h e  

bottom of t h e  crack, w e  f i n d  t h a t  t h e  c rack  s l i p  p r o f i l e  d e v i a t e s  
t o  larger  v a l u e s  a t  dep th  from t h e  p r o f i l e  expec ted  from remotely 
applied load ing ,  so t h a t  (0') s l i g h t l y  exceeds  b(0) / 2 k .  Thus, 

b(0)  The 

l a t t e r  v e r s i o n  B t h e n  more s u c c e s s f u l l y  embodies t h e  n o t i o n  t h a t  

t he  deformation p e r t u r b a t i o n  a t  t h e  f a u l t  t race i s  governed by t h e  

n e t  force t r a n s m i t t e d  a c r o s s  t h e  locked l i g a m e n t .  W e  do  n o t  
replace t h e  second ;(O+) i n  ve r s ion  B by 6 ( 0 ) / 2 k ,  s i n c e  t h a t  would 

give a d i s c o n t i n u i t y  t o  u,(y) a t  y = 0, e q u a l  t o  t he  d i f f e r e n c e  
;(O+) - d ( 0 ) / 2 k .  (The p r e d i c t e d  u,(y) a t  y = 00 i n  v e r s i o n  B is ,  
however, too s m a l l  by t h e  same d i f f e r e n c e ) .  N o t e  t h a t  t h e  second 
u ( 0 )  makes no c o n t r i b u t i o n  whatever t o  t h e  s u r f a c e  s t r a i n  r a t e  y = 

f 

i s  numer i ca l ly  ve ry  close t o  2k;(0+) o n l y  a t  small L/H. 

.B 



47 

dcS/dy, so t h a t  
f o r c e  d i s t r i b u t i o n ,  t h a t  i s  by the  d i s t r i b u t i o n  &(y)  = G d;(y)/dy. 

i n  v e r s i o n  B is  determined e n t i r e l y  by the  n e t  

T h e  estimated s u r f a c e  s t r a i n  ra te  prof i le  may be ob ta ined  from 
a direct d i f f e r e n t i a t i o n  of (B7) wi th  respect t o  y: 

T h i s  may b e  compared w i t h  t h e  e x a c t  s o l u t i o n  (B5) and  t h e  

comparison i s  shown i n  F igu re  B3,  f o r  t h r e e  d i f f e r e n t  locked zone 
d e p t h s .  Furthermore the r a t i o  of t h e  s u r f a c e  s t r a i n  ra te  a t  t he  

f a u l t  t race f o r  t he  e x a c t  s o l u t i o n  t o  t h a t  f o r  t h e  approximate 
s o l u t i o n  B i s  shown i n  F i g .  B4, as a func t ion  of locked zone depth .  

T h e  s u r f a c e  displacement  and s t r a i n  rates f o r  the  edge-cracked 
s t r i p  can be regarded as t h e  response of an e l a s t i c  body t o  t h e  

base load ing  rate 2,. The heavy so l id  curve  i n  F igu re  B5 shows the  

d i s t r i b u t i o n  of load ing  rate for t he  base d r iven  model d i scussed  i n  
t h i s  appendix,  when L/H = 0 . 5 .  The l o a d i n g  ra te  i s  c o n c e n t r a t e d  
n e a r  the  f a u l t  zone and t h u s  in t roduces  t h e  moderate errors shown 
i n  f i g u r e s  B2 t o  B4. The load ing  ra te  d i s t r i b u t i o n s  a t  v a r i o u s  
f r a c t i o n s  of t h e  c y c l e  t i m e  are a l so  shown i n  f i g u r e  B5 f o r  t h e  

model as developed i n  the t e x t ,  u s i n g  t,/T,, = 12 y r / l 6 0 y r  = 0.075. 
E v i d e n t l y ,  t h o s e  l o a d i n g  r a t e s  has ,  by comparison, a v e r y  broad  
d i s t r i b u t i o n  a t  m i d -  and l a t e - c y c l e  t i m e s  c r e a t i n g  base l o a d i n g  
c o n d i t i o n s  t h a t  are more compatible w i t h  t h e  approximations i n  our  
model l ing procedures .  

The a u t h o r s  wish t o  thank  H . S .  L i m  f o r  making computa t iona l  
r u n s  i n  t h e  p r e p a r a t i o n  of t h i s  manuscr ip t ,  and t o  acknowledge 
comments on an ear l ier  v e r s i o n  of t h i s  manuscr ipt  by N.E. King, W .  

Tha tche r  and  u n i d e n t i f i e d  r ev iewers  which c o n t r i b u t e d  t o  t h e  
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Table 1: Calculated and Observed S t r a in  Rate i n  t h e  Palmdale Area 

- 
Y 

+Palmdale -0.3 
(1971-82) 

+S.A. Region 4.1 
(1973-83) 

+Tehachapi 17.0 
(1 973-83) 

Los Padres -19.7 

+Sub Garlock 31.0 
(1973-83; c a l l e d  
Garlock region) 

3.6 0.42 0.41 0.38 0.37 & 0.02 

10.4 0.37 0.38 0.33 0.34 k 0.01 

20.2 0.29 0.31 0.25 0.21 k 0.01 

19.7 0.27 0.29 0.23 0.21 & 0.02 
(McGarr et  a l . ,  
1982) 

21.1 0.21 0.23 0.18 0.17 & 0.02 

+ subdivis ion of Tehachapi net  

i n  (J.lstrain/yr) and y, (AyIrms i n  km, pos i t i ve  t o  t h e  NE. A l l  c a l cu la t ions  made 
f o r  t = 123 yr ,  TCy = 160 y r  and (a) Vpl = 35 mm/yr, L = 9 km, H = 22.5 km, t, = 1 2  
yr ;  (b) V = 35 mm/yr, L = 11 km, H = 20 km, t, = 14 yr; (c) Vpl = 32 mm/yr, L = 9 
km, H = 23 km, t, = 12 yr .  
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Figure Capt ions 

F igu re  1: (a )  E l a s t i c  l i t h o s p h e r e  couple(  t o  a v,scoelastic 
a s thenosphe re  d r i v e n  by deep  mant le  movement. T h e  

shaded  area i n d i c a t e s  t h e  s h e a r  zone s l i d i n g  a t  
c o n s t a n t  resist ive s h e a r  stress below t h e  locked 

b r i t t l e  zone.  (b)  A c r o s s - s e c t i o n a l  view of t h e  

l i t h o s p h e r e  a t  the  p la te  boundary, modelled as  an 
edge cracked  s t r i p  i n  an t i -p l ane  s t r a i n .  

F igu re  2 :  S t e p  movements a t  p l a t e  boundary decomposed i n t o  
s t e a d y  m o t i o n  and a t i m e  p e r i o d i c  sawtooth motion, 
wi th  c y c l e  t i m e  Tcy. 

F igure  3 :  Su r face  shear s t r a i n  rate yS/(Vp,/H) as a f u n c t i o n  of 
d i s t a n c e  f r o m  t h e  f a u l t ,  a t  v a r i o u s  f r a c t i o n s  ( 0 . 0 ,  
0.1, 0.2, 0.3, 0.4, 0.6, 0.8,  1 . 0 )  of an ear thquake  
c y c l e  Tcy. These f i g u r e s  are based on T,, = 1 6 0  y r . ,  
t, = 1 2  y r ,  and  with c o n t r a s t i n g  locked depths  of (a )  
L = H and (b)  L = 0 . 3 H .  N o t e  t h a t  i n  case (b), 
where s h e a r  s l i p  o c c u r s  a t  dep th ,  t h e  shear s t r a i n  
rate i s  much more l o c a l i z e d  a t  t h e  p l a t e  boundary, 
as i s  p a r t i c u l a r l y  ev iden t  du r ing  l a t e r  p a r t s  of t h e  

ear thquake  c y c l e .  

F igu re  4 :  Displacement o f  shear crack w a l l  below locked zone 
as  a f u n c t i o n , o f  dep th ,  a t  v a r i o u s  f r a c t i o n s  of 
c y c l e  t i m e .  Same parameters as f o r  F igu re  3b. 

. -  
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Figure 5:  Map of C a l i f o r n i a  with l o c a t i o n s  mentioned i n  t h i s  

paper .  SC - S h e l t e r  Cove; PA - P t .  Arena; F R  - F t .  

Ross; PR - P t .  Reyes;  SF - San F r a n c i s c o ;  CP - 
Car r i zo  P l a i n ;  MD - Mojave Desert; PD - Palmdale; CV 

- Coachel la  Valley.  ( A f t e r  Al len ,  1968; Thatcher,  

1983) .  

Figure 6: Shear  s t r a i n  r a t e  decay wi th  t i m e  i n  an ear thquake 
c y c l e .  T h e  d a t a  p o i n t s  w i t h  e r r o r  bars are from 

T h a t c h e r  ( 1 9 8 3 ) .  T h e  s o l i d  c i r c l e s  a re  from 
n o r t h e r n  C a l i f o r n i a  a long  t h e  1906 r u p t u r e  zone of 
t he  San Andreas f a u l t .  T h e  open circles a r e  from 
Southern  C a l i f o r n i a  a long  t h e  1857 r u p t u r e  zone. 
Curve f i t s  a r e  based  on model w i t h  i n d i c a t e d  
pa rame t r i c  va lues .  

Figure 7 :  Disp lacement  ra te  p r o f i l e s ,  c a l c u l a t e d  f o r  t h e  
parameters  i nd ica t ed .  

Figure 8:  Geodet ic  networks i n  t h e  Palmdale a r e a  (af ter ,  King 
and Savage, 1984).  

F i g u r e  9 :  Comparisons of t h e o r e t i c a l l y  p r e d i c t e d  displacement  
ra te  p r o f i l e s  t o  geode t i c  d a t a  from King and Savage 
(1984) .  S t a t i o n s ,  i n  order of i n c r e a s i n g  y, are: .  

M t .  P i n o s ,  F r a z i e r ,  Sawmil l ,  Te jon  4 1 ,  Tecuya ,  
P o l i c e ,  Thumb, Wheeler 2,  D i o r i t e ,  Gneiss  and Tejon 
32. 

Figure 10 :  Geodet ic  networks i n  t h e  Po in t  Reyes  - Santa  Rosa - 
Napa area (after P resco t t  and Yu, 1986) .  
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Figure 11: Comparisons of theorectically predicted displacement 
r a t e  p ro f i l e s  t o  geodetic data from Prescott  and Yu 

(1986), w i t h  error ranges indicated. Circle symbols 
a r e  da ta  from Pt. Reyes, Santa Rosa and Napa 
networks. Triangle symbols a re  from Geyser network 
fur ther  north. The two data points a t  approximately 
-20 km and -40 km a re  associated w i t h  the  P t .  Reyes 
Head and Farallon Islands markers. 

Figure 12: Geodetic networks i n  t he  Coachella Valley - Salton 
Sea area (after Savage, 1983). 

Figure 13: Comparisons of theore t ica l ly  predicted displacement 
r a t e  p r o f i l e s  t o  geodetic data .  Data from Savage 
(1983). Circle  symbols a r e  data t o  t h e  NW of the  
San Andreas f a u l t .  Triangle symbols are  data t o  the 
S W  of San Andreas f a u l t .  

Figure B1 Base driven model of l i thosphere p l a t e s  loaded by 
uniform velocity Vp,/2 a t  y>O and -Vp,/2 a t  y<O. 

Figure B2 Comparison of surface displacement r a t e  p ro f i l e s  f o r  
base driven model between exact (eqn. B3) and 
approximate (eqn. B6 and B7) solutions,  fo r  ( a )  L =. 

0.25H (b) L = 0.5 H and (c) L = 0.75H. 

Figure B3 Comparison of surface s t r a i n  r a t e  p ro f i l e s  f o r  based 
driven model between exact (eqn. B5) and approximate 
(eqn. B8)  solutions, fo r  (a )  L = 0.25 H, (b) L= 0 . 5  
H and (c )  L = 0.75 H. 
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Figure  B4 

Figure B5 

R a t i o  of s u r f a c e  s t r a i n  ra te  a t  f a u l t  t r a c e  between 
e x a c t  and approximate s o l u t i o n ,  as a f u n c t i o n  of  
locked zone depth.  

Loading ra te  d i s t r i b u t i o n s  on base  of edge cracked 
s t r i p ,  f o r  base  d r i v e n  model of  f i g u r e  B1 and f o r  
v i s c o e l a s t i c a l l y  coupled  model deve loped  i n  main 
t e x t .  
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Fig.  12 
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Fig. B1 
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